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AMMONIA FORMATION BY SURVIVING KIDNEY SLICES 
WITHOUT SPECIFIC SUBSTRATES 


By J. R. ROBINSON 


From the Department of Experimental Medicine, 
Unwersity of Cambridge 


(Received 11 July 1953) 


The formation of ammonia by the kidney is physiologically important because 
it enables acid radicals to be excreted in the urine and the fixed base which 
accompanied them in the glomerular filtrate to be reabsorbed and conserved. 
Only acid urines contain considerable amounts of ammonia, and the general 
correlation between the acidity of the urine and the rate of excretion of 
ammonia in it (shown particularly clearly in man by Eggleton, 1947) suggests 
that the acidity may be the stimulus which leads to the production of ammonia 
(Pitts, 1948, 1950). 

Patey & Holmes (1929) found that rats’ kidneys chopped up and incubated 
in Ringer’s solution produced ammonia, and that more ammonia was formed 
under aerobic than under anaerobic conditions. Subsequently, Holmes & 
Patey (1930) showed that the aerobic production of ammonia became more 
rapid when the pH was lowered to 5-2-5-8. The oxygen consumption was not 
measured. In the present experiments the ammonia production and the oxygen 
uptake of tissue slices were measured in isotonic (0-30 osmolar) media of 
different pH values at 38-5° C in Barcroft manometers. 


EXPERIMENTAL 
Choice of media 
All media used were prepared exactly as was the medium ‘A,’ described by Robinson (1949), 
except for the composition and the pH of the buffers. The capacity of phosphate buffers is low 
between pH’s 6 and 6, and these buffers in the Clark and Lubs series, prepared according to Hawk, 
Oser & Summerson (1947), and added in the amount used in preparing the medium A,, did not 
prevent the solutions becoming alkaline during the experiments. Phthalate buffers proved to be 
unsatisfactory because they inhibited both the uptake of oxygen and the production of ammonia. 
When the buffering capacity of the media was.increased by adding more phosphate buffer (up to 
20% of their volume) oxygen was taken up in the normal way, but the production of ammonia 
was inhibited. This inhibition was traced to the potassium added with the phosphate buffer, and 
PH. CXXIV. 
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acid to 75 ml. of 0-2x-NaOH to give the required pH and diluting to 100 ml. with water. The acid 
media were buffered with 15% of their volume of this phosphate buffer. Table 1 shows the effect 
of adding potassium (as KCl) to the medium buffered in this way. pH rose by 0-2-0-4 unit during 
those experiments in which considerable amounts of ammonia were formed. Results have been 
expressed in terms of ‘average pH’, that is, the average of the values determined at the beginning 
and end of each experiment. 


Tazxz 1. Inhibition of ammonia formation by potassium in slices from kidneys of 


adult rats in acid media 
Conen. of K uptake Ammonia 
in medium ( (og /ar/100 mg) 
Average pH (m.equiv/1.) Mean (No.) +8.z. (No.) 
5-5-5-9 5 2-840-13 (10) 25642 (ii) 
(from Table 2) 
5-7 3-0+0-04 (6) 18+1 (6) 
No significant effect of [K] on O, consumption. Significant effect of [K] on ammonia production ; 
t=3-02, P<0-01. 
Animals 


Adult rate were 6—12-month-old males of the black and white hooded Lister strain maintained 
at the Department of Experimental Medicine, and were killed by a blow on the head and bled 
from the carotids. Infant rate were of either sex and were killed by decapitation. Most of these 
were used the day they were born, but the results of some experiments on kidneys from 5- and 
13-day-old rate were not significantly different and were included in the averages. Cats were 
rapidly bled to death under ethyl chloride anaesthesia. Rabbits were killed by a blow on the head 
and dogs by intravenous magnesium sulphate or intraperitoneal Nembutal (pentobarbitone 
sodium). New-born kittens and puppies were decapitated. 


Technique 

Slices from the renal cortex were cut by Cohen’s (1945) modification of the method of Deutsch 
(1936). They were incubated, usually for 1 hr at 38-5° C in the flasks of Barcroft manometers as 
described by Robinson (1949), except that the flasks were filled with oxygen at room temperature 
before they were placed in the thermostat. After incubation ‘the tissue and its medium were 
removed from each flask to a centrifuge tube, a drop of the medium was taken for the determina- © 
tion of its pH by Capillator, and proteins were precipitated with 10% (w/v) trichloroacetic acid 
or tungstic acid. The clear supernatant fluid was made alkaline and distilled in steam at atmospheric 
pressure in the apparatus devised by Markham (1942), the distillate being caught in 4 ml. of 2% 
boric acid coloured with bromo-cresol green, and the ammonia estimated by direct titration with 
0-0143 w-sulphuric acid from a micro-burette. 

The amount of ammonia initially contained in the kidney slices from adult rats was not deter- 
mined in some of the earlier experiments, and there was never enough tissue to determine it in 
the experiments upon new-born rats. Later, weighed collections of adult slices such as were placed 
in the manometric flasks were covered with distilled water in centrifuge tubes and placed in the 
refrigerator while the manometers were in the thermostat. These were treated in the same way as 
the slices and media from the manometric flasks when the latter were removed from the bath. The 
amounts of ammonia found per 100 mg of sliced tissue at the end of the manometric experiments 
were then corrected by subtracting the emmonia present before incubation. As the amount of 
ammonia initially present had not been determined on every batch of slices the average value of 
9 ug ammonia-N/100 mg moist tissue (8.p.+2 yg from sixteen rats) was used for all experiments 
upon adult rate. This figure is in good agreement with that of 9u). ammonia/mg/hr (<7 ug 
ammonia-N/100 mg/hr) reported by Warburg, Posener & Negelein (1924). The figures for new-born 
rate have been given uncorrected, and this makes the rate at which they formed ammonia appear 
too high. 
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RESULTS 
(1) Kidney slices from adult and infant rats 


Fig. 1 shows the effect of the pH of the medium upon the oxygen consumption 
and the ammonia production of kidney slices from adult rats. Table 2 records 
the average values of oxygen consumption and ammonia formation shown by 
slices from the kidneys of adult and new-born rats, in media of pH between 
7-0 and 7-4 and between 5-5 and 5-9. 


0 
50 


60 70 8-0 
Average pH of medium 


Fig. 1. Effect of pH of the medium upon respiration (©) and ammonia formation (@) 


by kidney slices from adult rate. 


It will be seen from Fig. 1 and Table 2 that kidney slices from adult rats 
consumed more oxygen and produced more ammonia than slices from infant 
rats. In both, increasing acidity of the medium was accompanied by a 
diminished uptake of oxygen and a faster rate of formation of ammonia, but 
the adult tissues formed more ammonia in response to acidification than the 


infant tissues. All the differences were highly significant. The increased pro- 
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TaBLe 2. Oxygen consumption and ammonia formation of isolated kidney slices 
from rats 


All experiments at 38-5° C in 0-30 osmolar media containing glucose and buffered with phosphate ; 
gas phase oxygen. Means with their standard errors. Numbers of experiments in parenthesis. 


Oxygen consumption Ammonia formation 
(ul. /hr/mg) (ug NH,-N/hr/100 mg) 
1-0-1-4 55-59  pH70-7-4 H 555-9 
+8.E. +5.E. +8.E. +8.E. 

Adult rat 41401 2-8 +01 1340-6 2641-75 

(24) (10) (24) (11) 
Infant rat 2340-1 1-75 + 0-06 8+06 12+0-8 

(8) (7) (8) (8) 

Significances of differences of means: 


Adult rat Effect of pH on oxygen consumption {¢=2:42 P+0-02 
Adult rat Effect of pH on oxygen consumption (=818 P+0 
Infant rat Effect of pH on oxygen consumption {=5:16 P<0-001 
Infant rat Effect of pH on ammonia formation t=51 P<0-001 
Effect of age on oxygen consumption at pH 7-0-7-4 t=3-17 P<0-002 
Effect of age on oxygen consumption at pH 5-5-5-9 ¢=69 P=+=0 
Effect of age on ammonia formation at pH 7:0-7-4 t=4:59 P<0-0001 
Effect of age on ammonia formation at pH 55-59 t=-61 P+0 


duction of ammonia did not appear to be a direct consequence of the impaired 
oxygen consumption of the slices in acid media, because when the respiration 
of slices from the kidneys of adult rats was inhibited by incorporating m/200 
cyanide in the medium or by filling the manometric flasks with hydrogen, 
ammonia production was reduced whether the medium was neutral or acid 
and averaged only 6 ug ammonia-N/hr/100 mg (range from 4 to 11 yg in eleven 
experiments). This appeared to correspond with the observation of Nicholson 
(1949) that cyanide introduced into the renal artery stopped the excretion of 
ammonia by the dog’s kidney in situ. Negligible ammonia production was 
observed in a small number of experiments with rat liver slices or diaphragm 
under aerobic conditions. The source of the ammonia released by kidney slices 
has been investigated in this Department by Hines & McCance (1954). 


(2) Kidney slices from other animals 

Slices from the kidneys of dogs, cats, rabbits, puppies and a kitten were 
studied only in two ranges 7-0—7-4 and 5-5-6-0. The results have been set out 
in Table 3. It will be seen that oxygen consumption was diminished and 
ammonia production was increased by acidifying the medium in all these 
species at both ages, and that slices from the kidneys of adult animals made more 
ammonia than those from the corresponding infants in the three species in which 
they were compared. All the differences demonstrated by the experiments on 
kidneys from dogs and puppies were highly significant. Moreover, the isolated 
kidney tissue of adults of each species showed a greater increase in ammonia 
formation when the medium was made acid than did that of infants of the 
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Taste 3. Oxygen consumption and ammonia formation of isolated kidney slices 


All experiments at 38-5° C in 0-30 osmolar media containing glucose and buffered with phos- 
phate; gas phase oxygen. Means with standard errors or ranges (R). Individual values for kitten. 
Numbers of experiments in parentheses. 


gen consumption Ammonia formation 
(1. /hr/mg) (ug NH,-N/hr/100 mg) 
pH 7-0-7-4 pH 5-5-5-9 pH 7-0-7-4 pH 5-5-5-9 
Adult dog 2-75, 8.2.+0-12 1-75, 8.8. + 0-06 8, s.2.+10 12, 8.8.4+03 
13 15 (11) (15) 
Puppy 1-6, 8.8.4+0-1 1:15,8.8.+003 3,8.8.406 
(7) (10) (7) (10) 
Adult cat 1-7,8.16-1-7 1-3,R, 1-2-1-4 8, R. 7-9 10, 7-15 
(3) (6) (3) (6) 
Kitten 1-7 1-1, 1-2 6 6, 8 


(1) (2) (1) (2) 
Adult rabbit 2-7, 2-5-2-8 13,8.1-2-14 03,R.1-15 4,2. 1-6 
(4) (6) (4) 


of differences of means (experiments in dog and puppy): 
Adult dog Effect of pH on oxygen P <0-02 
Adult dog Effect of pH on ammonia formation t=467 P<0-0002 
Puppy Effect of pH on oxygen consumption it=3-94 P<0-002 
Puppy Effect of pH on ammonia formation t=255 P=0-02 

ect of age on oxygen consumption at pH 7-0-7-4 t=615 P<0-0001 
Effect of age on oxygen consumption at pH 5-5-5-9 t=-94 P<0-0001 
Effect of age on ammonia formation at pH 70-74 t=409 P<0-001 
Effect of age on ammonia formation at pH 5-5-5-9 t=11-9 P+0 


same species. Although 5- and 13-day-old rats had behaved as new-born, one 
3-day-old puppy gave results intermediate between those shown in Table 3 for 
adult dogs and those for younger puppies. The rabbit is habitually herbivorous, 
and its urine is alkaline. It was therefore interesting to find practically no 
ammonia formation in neutral media, although the increase in ammonia 
formation in response to acidity was not obviously less than in the cat. 


DISCUSSION 


Ferguson (1951) found that the rate of ammonia excretion by intact adult rats 
of the same strain as those used in the present experiments ranged from about 
10 ug/hr/100 mg of renal cortical tissue when the pH of the urine was 8-0 to 
about 40ug/hr/100 mg when it was 5-8, These rates are of the same order as 
those shown in Fig. 1 for kidney slices, although the intact kidneys produced 
rather more ammonia than the sliced ones. The comparison may have favoured 
the slices because all their cells were exposed to acid media in the manometer 
flasks, and not merely those of the distal tubules as in the body (Smith, 1951); 
on the other hand, the cells were better supplied with substrates in Ferguson's 
experiments. The similarity between the responses of the slices and of the 
intact kidneys to acidity is remarkable because the conditions of a manometric 
experiment exclude nervous or hormonal controls which might operate in the 
body. The fact that kidney slices from a number of animals reproduced the 
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behaviour of the intact kidney when the pH was varied within physiological 
limits supports the suggestion that the pH of the fluid in contact with the 
tubular epithelium determines the rate at which ammonia is produced in vivo. 
The resemblance of the responses of the slices to those of intact kidneys 
extended to what may be characteristic difference between adults and infants 
within a species. McCance (1950) suggested that the mechanism which pro- 
duces ammonia might be relatively undeveloped in human infants, and 
Cort & McCance (1954) recently found that young puppies excreted far 
less ammonia than adult dogs in response to a comparable acidosis, although 
they could lower the pH of their urine to the same extent. Incidentally, Cort 
also found that the rate at which acidotic puppies excreted ammonia increased — 
measurably during the first 2 weeks of life, and the ammonia production of 
kidney slices from puppies appeared to behave in the same way (p. 5). 


SUMMARY 


1. Kidney slices from adult rats under aerobic conditions produced ammonia 
at a rate similar to that for intact kidneys in situ. 

2. The ammonia production of the slices increased with increased acidity 
of the buffered medium (pH 7-4-5-5). Under anaerobic conditions it was 
markedly depressed and ceased to be dependent on the pH change. 

3. Slices from the kidneys of new-born rats, dogs and probably cats con- 
sumed less oxygen and produced less ammonia at any pH than did slices from 
the kidneys of the corresponding adults, and the increased ammonia produc- 
tion resulting from lowered pH was smaller for the slices of the infant kidney. 

4. The relation of ammonia production by slices under aerobic conditions 
to the pH of the medium was similar to the physiological relation of excretion 
of urinary ammonia to the urinary pH. This is consistent with the suggestion 
that the acidity of the fluid in the tubules is the physiological stimulus to 
ammonia formation by the kidney. 


I wish to thank Prof. R. A. McCance, F.R.S., for his interest and encouragement during the 
course of this work. 
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AMMONIA FORMATION FROM GLUTAMINE BY KIDNEY 
SLICES FROM ADULT AND NEW-BORN ANIMALS 


By BERNICE E. HINES ann R. A. McCANCE 


From the Medical Research Council Department of Experimental Medicine, 
University of Cambridge + 


(Received 11 July 1953) 


The production of ammonia for the purpose of neutralizing metabolic acid was 
first clearly ascribed to the kidney by Nash & Benedict (1921), who found that 
in dogs the blood leaving the kidney was rich in ammonia and that the percen- 
tage rose after acid had been injected. Patey & Holmes (1929) discovered that 
isolated chopped rat kidney tissue produced ammonia. Under aerobic condi- 
tions the tissue responded to a lowering of the pH of the medium from 7-4 to 
5-2 with greater ammonia production (Holmes & Patey, 1930). Ammonia was 
also formed in the absence of oxygen, but this anaerobic production was 
inhibited by lowering the pH and consequently Holmes & Patey (1930) did 
not believe that it was responsible for ‘the physiological production of ammonia 
by the kidney’. These workers also investigated a number of possible ammonia 
precursors, including the amino-acids glycine, histidine, aspartic acid, aspara- 
gine and lysine, Although more ammonia was formed by the tissue when some 
of these were added to the medium, none appeared to be acceptable as a physio- 
logical source of ammonia (Holmes & Patey, 1930). Robinson (1954) showed 
that slices from the kidneys of rats, dogs, cats and rabbits formed ammonia 
when they were allowed to respire in a suitable medium and that they reacted 
to a fall in the pH of the medium by forming more. Slices from the kidneys of 
new-born animals behaved in a similar way, but less actively in all respects. 
This response was sufficiently like the response of the intact kidney to a fall in 
the pH of the urine to suggest that tissue slices might be used to investigate 
the sources of the ammonia produced by the kidney. 

Van Slyke, Phillips, Hamilton, Archibald, Futcher & Hiller (1943) showed 
that glutamine was removed from the serum of the acidotic dog fast enough 
to account for as much as 60°% of the ammonia which appeared in the urine. 
It is clear, therefore, that in any study of the production of ammonia by the 
kidney, the enzyme glutaminase must receive special attention. The present 
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investigation was planned to extend the work of Robinson (1954) by studying 
the effect of age on the production of ammonia under more variable conditions 
and in other species and particularly after the addition of glutamine. 


METHOD 


Rats, dogs, guinea-pigs and rabbits were the species used in the investigation, and in each case 
both adults and young were examined. The animals termed ‘new-born’ were always less than 
3 days old, The adult rats were killed by a blow on the head and the young by decapitation. The 
adult guinea-pigs and rabbits were killed by dislocation of the neck, and their young, and the 
puppies, by a blow on the head and decapitation. The adult dogs were anaesthetized with chlora- 
lose. The kidneys were removed as quickly as possible and slices about 0-3 mm in thickness were 
cut (Deutech, 1936) weighed, and transferred in approximately equal portions to Warburg vessels 
containing 2-7 ml. of buffered medium. The quantities of tissue used were usually from 60 to 80 mg, 
although as little as 40 mg and as much as 100 mg have been used. Medium A, (Robinson, 1949) 
formed the basis for all the experiments. In this medium tissues respire at a constant rate for long 
periods. At pH 5-5 the medium was buffered with a phosphoric acid-sodium hydroxide solution to 
avoid excessive potassium in the medium (Robinson, 1954). pH was determined by the use of 
Capillators. In studying the effects of glutamine a medium containing approximately 0-015 m- 
glutamine was used. At this concentration even the most active enzyme preparations hydrolysed 
less than one-third of the substrate within the period of observation. 

The centre well of each flask contained 0-3 ml. of 10% (w/v) KOH and a roll of filter-paper. The 
flasks were filled with pure oxygen, or with nitrogen, and they were incubated for 1 hr at 37° C. 
In the aerobic experiments oxygen consumption was measured over two 15 min periods com- 
mencing 15-20 min after the vessels were placed in the constant temperature Warburg bath. At 
the end of the incubation period the tissue fragments and medium from each flask were transferred 
to a centrifuge tube. After the pH had been measured the protein was precipitated with 
2/3 x-H,SO, and 10% (w/v) sodium tungstate, and the tubes were centrifuged. Ammonia was 
determined in the clear supernatant fluid using the micro-vacuum distillation unit designed by 
Archibald (1943) to minimize the non-enzymic hydrolysis of the thermo-labile glutamine. The 
ammonia was trapped in 2% (w/v) boric acid and titrated directly using a methyl red—bromo- 
cresol green indicator, with 0-05 x-H,SO,. The non-enzymic hydrolysis of glutamine was also 
determined and the necessary corrections made for this. Some slices were kept in distilled water 
at 0° C throughout each experiment and used for the determination of the ammonia initially 
present. The ‘net’ formation of ammonia from glutamine has been taken as the ammonia found 
after adding glutamine less both the preformed ammonia and the ammonia formed by slices 
incubated alone. 


RESULTS 


Table 1 shows the effect of lowering the pH of the medium from 7-4 to 5-5 on 
the ammonia production and on the oxygen uptake of kidney slices taken from 
new-born and adult rats, dogs, guinea-pigs and rabbits. Figures are given for 
the production of ammonia and the uptake of oxygen by the slices alone and 
also for the additional ammonia formed and oxygen taken up after the addi- 
tion of glutamine. . 

When no substrate had been added the production of ammonia at pH 7-4 
by slices of rats’ and dogs’ kidneys was about 9-10 4g/100 mg/hr, but was 
considerably less in kidneys taken from the new-born of these species. The 
figures given in Table 1 for new-born rats are lower than those given by 
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Robinson (1954) because his figures for rats at this age were not reduced by 
subtracting from them the ammonia initially present in the slices. Lowering 
the pH increased the production of ammonia except in the adult dog but the 
increase was significant (P<0-05) only for slices from new-born rats’ kidneys. 
Robinson (1954) found a small but significant increase in both the dog and rat 
on lowering the pH. The production of ammonia was negligible in slices taken 
from the kidneys of guinea-pigs and rabbits at pH 7-4 but increased signifi- 
cantly on lowering the pH. Without substrate, therefore, lowering the pH of 
the medium was generally followed, as Robinson (1954) found, by the ap- 
pearance of more ammonia in it. 

After adding glutamine large amounts of additional ammonia were formed 
by the kidneys of the adult rats and dogs at pH 7-4 and smaller amounts by 
the kidneys of the new-born animals, Less ammonia was formed by the guinea- 
pigs and rabbits from added glutamine at pH 7-4 and again the kidneys of the 
new-born made less than those of the adults. Lowering the pH reduced the 
amount of ammonia formed from added glutamine by the kidneys of rats and 
dogs, whether adult or new-born, while it made no significant difference to the 
ammonia liberated by the kidneys of guinea-pigs and rabbits. Thus the kidneys 
of the new-born animals always produced less additional ammonia after adding 
glutamine than those of the corresponding adults and, generally speaking, 
the kidneys of rats and dogs resembled each other in behaviour and differed 
from those of guinea-pigs and rabbits. 

The oxygen consumption was lower in the new-born animals than in the 
corresponding adults and was always reduced in both by lowering the pH, but 
the species differences in oxygen consumption were much less than in ammonia 
production. The addition of glutamine raised the consumption of oxygen at 
pH 7-4 in the adults of all species, but not always in the new-born animals. 
The uptake of oxygen was less affected by the addition of glutamine at pH 5-5 
but the average was a little higher in the adults of all species. 

Table 2 shows the results which were obtained when kidney slices of these 
animals were incubated in an atmosphere of nitrogen with and without added 
glutamine. Anoxia significantly reduced the amount of ammonia formed from 
endogenous sources at pH 7-4 by kidney slices from adult rats and dogs. The 
changes in the new-born animals were in the same direction but not significant. 
Anoxia increased the ammonia formed by kidneys of adult and new-born 
guinea-pigs and adult rabbits. It made no significant difference to the amount 
formed by new-born rabbits. Robinson (1954) obtained a similar decrease with 
adult rats’ kidneys in an atmosphere of hydrogen but he did not investigate 
other species. 

Anoxia decreased the additional ammonia produced by the kidneys of rats 
and dogs after glutamine had been added but increased the amount produced 
by those of the adult rabbits. It did not alter significantly the amount 
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TaBE 2. The effect of anoxia on the production of ammonia by kidney slices at pH 7-4 


The mean + the standard error is given and the number of experimental results is shown in 
brackets. Significantly different (P < 0-05) pairs of figures are shown in heavy type. 


Ammonia production, pg NH,-N/100 mg wet weight/hour 
Additional in 0-015 x 
glutamine 


No substrate added Ar 
“In oxygen In nitrogen In oxygen In nitrogen 
Rat 1041 340-4 185+ 15 156+14 
(6) (7) (6) (7) 
New-born rat 1940-8 1-5+0°8 25+0-8 1942 
(7) (7) (7) (7) 
941 441 10945 51+2 
(6) (6) (6) 
Puppy 3-0+0-4 1-940-3 
Guinea-pig -0-1403 2-340:3 18+2 2142 
(9 (8) (9) (10) 
Rabbit 0-6+ 0-6 3-440-3 30+1 
(10) (10) (10) (10) 
New-born rabbit 1440-3 18401 1441 8i1 
(10) (10) (10) (10) 


produced in the presence of glutamine by the kidneys of adult and new-born 
guinea-pigs, but it significantly reduced the production by new-born rabbits. 
As in the presence of oxygen, kidney slices from new-born rats and dogs 
produced less ammonia than those from adults whether glutamine was present 
or not. The new-born guinea-pigs and rabbits also produced less ammonia 
than the adults from added glutamine. 

Experiments were also carried out in the presence of arsenic on kidney slices 
taken from adult rats and guinea-pigs and in the presence of cyanide on those 
of adult rats. The results resembled those obtained in nitrogen. 

Table 3 gives the ammonia production and the consumption of oxygen 
after freezing and thawing the slices several times and after the addition of 
2,4-dinitrophenol (DNP) in a final concentration of 5x10-*m. Only slices 
from kidneys of adult rats and guinea-pigs were used for these experiments. 
The two treatments had very similar effects on the production of ammonia in 
that they reduced slightly, but not significantly, the amount produced from 
endogenous sources in rats but raised it considerably in guinea-pigs. Both 
treatments also increased in both species the additional ammonia produced 
after adding glutamine, but only the results obtained in experiments using 
guinea-pig kidney were statistically significant (P < 0-05). DNP, however, raised 
the uptake of oxygen in both species by slices alone and also increased the 
additional oxygen taken up after adding glutamine, whereas freezing greatly 
reduced the oxygen uptake of the slices alone and completely abolished the 
additional uptake from added glutamine. 
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DISCUSSION 


Constructive discussion of these results is made difficult by the fact that kidney 
tissue may be expected to contain at least three enzymes which produce 
ammonia from amino-acids, D-amino oxidase, L-amino oxidase and glutaminase 
(Pitts, 1946). The first two require oxygen and to them or to enzymes like them 
must be attributed at least some of the ammonia formed by dogs and rats. 
According to Krebs (1935), the situation is really much more complicated in 
that the kidney may contain enzyme systems which make glutamine from 
glutamic acid and ammonia, and require oxygen in order to do so; other 
enzymes are also present which are only concerned with the hydrolytic deami- 
dation of glutamine. Krebs suggested that the proportions of these enzymes 
varied from one species to another and that the synthetic enzymes were 
overwhelmingly prominent in the guinea-pig but were much less important in 
the rat. There is a further difficulty in that only a fraction of the oxygen taken 
up in the absence of added glutamine can be directly connected with the 
formation of ammonia ; but Krebs (1935) found that glutamic acid was oxidized | 
more rapidly by kidney tissue than all the other « amino-acids of the L-series 
which he tested, and it is probable that some of the ammonia formed and of 
the additional oxygen taken up after the addition of glutamine in these 
experiments may be attributed to this. At any rate the kidneys of the adult 
rats and dogs which formed most ammonia after the addition of glutamine 
also took up most additional oxygen. 

Generally speaking, the present results are in keeping with the ideas of 
Krebs (1935). It is probable that the kidneys of guinea-pigs and rabbits 
synthesize glutamine much more rapidly than they hydrolyse it if the supplies 
of oxygen and the pH are satisfactory, and if the organization of the cell has 
not been destroyed. The kidneys of rats and dogs do the reverse, but in the 
absence of oxygen or at a pH which favours hydrolysis rather than synthesis 
the deamidation of glutamine predominates in all four species. The fact that 
somewhat less ammonia was produced in nitrogen than in oxygen by rats and 
dogs from added glutamine is not against this, for the ammonia produced from 
glutamine in oxygen was probably in part oxidative. The results obtained with 
DNP and freezing support these views. DNP increased the uptake of oxygen 
but probably prevented its utilization for the synthesis of glutamine (Elliott, 
1948; Loomis & Lipmann, 1948) and for other metabolic activities which 
depend on the organization of the cell; freezing destroyed the cell structure 
and abolished almost all the oxygen uptake. Hence, as did nitrogen, both 
DNP and freezing reduced the production of ammonia by rats’ kidneys, yet 
both increased ammonia production by the kidneys of guinea-pigs. In the 
presence of added glutamine DNP caused considerably more ammonia pro- 
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duction and also oxygen consumption in both rats and guinea-pigs and may 
have facilitated in some way the action of « amino oxidase. 

In spite of these uncertainties some facts stand out clearly. Kidneys of new- 
born rats and dogs produced less NH, than those of adults in O,, the new- 
born of three species produced less NH, than the adults in N,, and all new-born 
produced less additional NH, after adding glutamine. It may be concluded 
that they contained less glutaminase than adults’ kidneys and, although they 
contained slightly less dry matter, the differences in enzyme activity were far 
too great to be explained by this. This study of glutaminase, therefore, pro- 
vides another example of the tissues of new-born animals displaying con- 
siderably less enzyme activity than those of adults (Epps, 1945; Jones & 
McCance, 1949; Tuba & Hoare, 1951; Berfenstam, 1952; Hines & McCance, 
1953), The interest in the case of glutaminase lies in the fact that the kidneys 
of new-born animals seem to form much less ammonia than do those of adults 
in response to a comparable systemic acidosis (Cort & McCance, 1954), but 
it is by no means certain that the relationship is one of cause and effect, 
for the kidney of the new-born dog produced less ammonia in response to 
a systemic acidosis than its glutaminase activity would have led one to expect. 
The small production of ammonia by slices cut from the kidneys of new-born 
rats should perhaps be related to the observations made by Holmes & Watchorn 
(1927) that embryonic rat kidneys produced no ammonia if they were surviving, 
but not growing, in sterile tissue culture. Ammonia was produced by these 
tissues if they grew, but such preparations are hardly comparable with slices 
metabolizing in a Warburg apparatus. 

The kidneys of the new-born animals took up less oxygen than those of the 
corresponding adults. This has been described before (Cutting & McCance, 
1946; Robinson, 1954), but it has yet to be correlated and reconciled with the 
high B.M.R. which new-born animals display (McCance & Strangeways, 1954) 
when they are compared with adults on a basis of body weight. 


SUMMARY 


1. Slices of the kidneys taken from rats, dogs, rabbits and guinea-pigs 
produced ammonia both in oxygen and in nitrogen and at pH’s 7-4 and 5-5. 

2. They all took up less oxygen and all but those from the adult dog pro- 
duced more ammonia from endogenous substrates at the lower pH. 

3. In nitrogen at pH 7-4 kidneys of adult rats and dogs produced less 
ammonia, those of guinea-pigs and rabbits more ammonia than in oxygen. 

4. All produced additional ammonia on adding glutamine but nitrogen 
decreased this effect in rats and dogs and increased it in adult rabbits and 
guinea-pigs. 

5. Slices from new-born animals were less active in almost every respect. 
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THE ACTION OF SYMPATHOMIMETIC AMINES ON THE RATE 
OF THE DENERVATED HEART OF THE CAT 


By I. R. INNES anp H. W. KOSTERLITZ 
From the Physiology Department, University of Aberdeen 
(Received 17 August 1953) 


In a previous paper it was shown that the action of noradrenaline, but not that 
of adrenaline, on the rate of the acutely denervated heart of the cat was 
potentiated by cocaine or chronic sympathetic denervation (Innes & Kosterlitz, 
1951). At that time, no theoretical explanation was offered for the observed 
facts as it was felt that the analysis was still incomplete. Burn & Robinson 
(1952) have put forward the view that the potentiating action of cocaine and 
chronic denervation on the responses of the nictitating membrane to nor- 
adrenaline may be caused by inhibition or loss of the enzyme amine oxidase. 
For this reason it seemed of interest to study the chronotropic action of 
adrenaline and noradrenaline in the presence of substances inhibiting amine 
oxidase. In view of the fact that cobefrine or corbasil, the propanol homologue 
of noradrenaline, is not oxidized by amine oxidase (Blaschko, Richter & 
Schlossmann, 1937) this substance was included in the present investigation. 


METHODS 


Experimental. The cats were subjected to a preliminary operation under pentobarbitone sodium 

” (25 mg/kg)-ether anaesthesia, in which the right adrenal was removed and the left adrenal medulla 

denervated by left lumbar sympathectomy and section of the left splanchnic nerve. Usually 

fortnight was allowed for recovery from this operation. Procaine penicillin was injected daily for 
the first two post-operative days. 

Anaesthesia was obtained for the next stage by intraperitoneal injection of pentobarbitone 
sodium (45 mg/kg). The heart was acutely denervated by cutting the vagi and excising the stellate 
ganglia by the lateral approach through the first intercostal spaces. Although sympathetic fibres 
reach the heart from lower thoracic segments (Cannon, Lewis & Britton, 1926), no significant 
difference was found in the chronotropic response to adrenaline and noradrenaline between cats 
in which the stellate ganglia only were removed and those with complete sympathetic denervation 
of the heart (Innes & Kosterlitz, 1951). When the accelerator nerves were to be stimulated they 
were secured before excising the stellate ganglia. Sometimes it was necessary to remove part of 
the first rib. In a few experiments the action of the sympathomimetic amines on the decentralized 
or denervated nictitating membrane was recorded simultaneously (Innes & Kosterlitz, 1954). 

Record of the heart rate. This was obtained by feeding the R potential of the electrocardiogram 
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successively into an a.c.-coupled single-stage amplifier, a ‘flip-flop’, scale-of-two, power stage and 
finally into a Thorp impulse counter. This arrangement was similar to that described by Griffith, 
Innes & Kosterlitz (1953) for use with a condenser manometer. Each millimetre rise of the level 
is due to two beats and the distance between two vertical lines represents 10 sec. 

Drugs. t-adrenaline (B.D.H.) was dissolved in 0-01 n-HCl and t-noradrenaline p-bitartrate 
monohydrate (Sterling-Winthrop Institute) in water, both in a concentration of 1 mg base/ml. 
The stock solutions were kept at - 5° C. The final dilutions were made immediately before the 
experiment with Ringer-Locke solution containing ascorbic acid (0-2 mg/ml.). Di-cobefrine HC) 
(Sterling-Winthrop Institute), which is 1-(3, 4-dihydroxyphenyl)-2-amino-propanol, was weighed 
out for each experiment and dissolved in Ringer-Locke solution with ascorbic acid. The amines 
were injected into the femoral vein ; the volume varied between 0-1 and 0-5 ml. and the time taken 
for the injection was always 15 sec. Veratramine was dissolved in 0-2 n-HCl and water to give 
a final solution of 1 mg/ml. 0-008 n-HCl (Krayer, 1949). The quantities injected refer to the free 
bases of adrenaline, noradrenaline, cobefrine, veratramine and ecgonine and the salts of all other 
drugs. 

RESULTS 
The effect of cocaine 
In the previous paper (Innes & Kosterlitz, 1951) cocaine HCl was always given 
in a dose of 8 mg/kg intramuscularly and its effects on the chronotropic action 
of adrenaline and noradrenaline observed by counting the heart beats for a 
period of 14-2 min after injection of the sympathomimetic amines. In order 
to have a complete record of the changes in heart rate, the automatic counter 
was introduced in the present series of experiments. Peralta & Lizarralde 
(1946) had shown that cocaine did not faise the maximum frequency of the 
heart produced by a given dose of adrenaline but prolonged the action of the 
amine. This observation was confirmed. On the other hand, the effect of 
cocaine on the responses to noradrenaline and cobefrine was different in that 
it not only prolonged the response but also increased the rise in heart rate. 
Further, the prolongation of the action was more pronounced with nor- — 
adrenaline and cobefrine than with adrenaline. Maximum potentiation was 
usually reached with doses of cocaine HCl between 2 and 4 mg/kg when given 
intravenously but doses as small as 0-125 mg/kg had considerable effects on 
the chronotropic action of the three amines (Fig. 1). In this particular experi- 
ment the maximum effect was reached when 1-9 mg/kg had been injected. © 

As the effect of cocaine and chronic sympathetic denervation on the chrono- 
tropic action of sympathomimetic amines had been found to be similar (Innes 
& Kosterlitz, 1951), it appeared to be of importance to test whether the 
administration of cocaine suppressed conduction in the cardiac nerves. Far 
from being so, the increase in heart rate caused by stimulating the accelerator 
nerves with a maximal stimulus was much enhanced after the injection of 
cocaine (Fig. 2). This observation is in agreement with the finding of Outschoorn 
& Vogt (1952) that the transmitter of the accelerator nerves of the dog is 
mainly noradrenaline. 

As was to be expected, ecgonine did not have the effect of cocaine. 
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Fig. 1. Expt. 26, 3-5 kg. The effect of successive small doses of cocaine on the chronotropic action __ 
of 4 wg L-adrenaline (A), 4 ug t-noradrenaline (N) and 8 yg pL-cobefrine (C). HG was 
injected intravenously: 0-125 mg/kg 10 min before ‘b’, 0-25 mg/kg 10 min before ‘c’, and 


Fig. 2. Expt. 18 8, 3-3 kg. The effect of cocaine on the chronotropic action of 2 ug L-adrenaline 
(A), 2 ug t-noradrenaline (N) and maximal electrical stimulation (9) of the accelerator nerves 
(rectangular pulses, 5V, 0-5 msec duration, 20 c/s). Cocaine HCl (8 mg/kg) was injected 
intramuscularly 10 min before ‘db’. During stimulation the heart rate counter was short- 
circuited causing a gap in the tracing. The interval between two vertical lines is 10 sec. 


The effect of other local anaesthetics 

The local anaesthetics other than cocaine which were used in this investiga- 
tion all inhibited amine oxidase in vitro (Philpot, 1940). The only one with an 
effect similar to that of cocaine was amylocaine HCl (Stovaine) although the 
doses required (20 mg/kg or more) were much larger than those of cocaine. 
Procaine HCl (25 mg/kg) had a slight effect which, however, was much smaller 
than that of cocaine. Even doses as large as 95 mg/kg were not more effective. 
Neither butacaine sulphate (Butyn, 2:5 mg/kg) nor cinchocaine HCl (Nuper- 
caine, 1 mg/kg) had a cocaine-like effect. Larger doses than those stated had 
toxic cardiovascular effects. 


4 
q 
\ b 2 
4 
\ 
‘ 4 
« 
¥ 
< 
10 sec. 
‘ 
¥ 4 
J 
= 
2-2 
4 
= 


20 I. R. INNES AND H. W. KOSTERLITZ 


a b 


| 


Fig. 3. Expt. 13, 3-4 kg. The effects of ephedrine and cocaine on the action of 2 ug L-adrenaline 
(A), 2 ug L-noradrenaline and DL-cobefrine (C) on the right (CDN: superior cervical 
ganglion removed 23 days previously) and the left (4 DC: cervical sympathetic cut acutely) 
nictitating membranes and the rate of the acutely denervated heart. L-epbedrine HCl was 
injected intravenously, 100 ug 20 min before ‘b’ and 200 ug 20 min before ‘c’, and cocaine 


HCl intramuscularly, The interval between two vertical lines is 
10 sec. 
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The effect of u-ephedrine ; 
Ephedrine inhibits amine oxidase (Blaschko et al. 1937) and sensitizes the 
nictitating membrane to adrenaline (Gaddum & Kwiatkowski, 1938). Small 
doses (30-60 ug/kg), which increased the responses of the acutely decentralized 
membrane to adrenaline, noradrenaline and cobefrine, had no effect on the 
chronotropic action of these amines (Fig. 3). When cocaine was then given it 
had the usual effect on the chronotropic responses and, as was to be expected, 
the contractions of the acutely decentralized and chronically denervated 
membranes became nearly equal (Innes & Kosterlitz, 1954). Larger doses of 
ephedrine (200-300 ug/kg) increased the basal heart rate and depressed the 
chronotropic responses. The effect of stimulation of the cardiac nerves was not 
altered by the injection of 70ug/kg of ephedrine. 
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Fig. 4. Expt, 48, 2-0kg. Effects of veratramine and cocaine on the chronotropic actions of 
4 ug L-adrenaline (A), 4g L-noradrenaline (N) and maximal electrical stimulation (S) of the 
accelerator nerves (rectangular pulses, 5V, 0-5 msec duration, 20 c/s). Atropine sulphate 
(2 mg/kg) was given at the beginning of the experiment. Veratramine was injected intra- 
venously, 0-1 mg/kg, at the arrow in ‘a’ and 0-2 mg/kg at the end of ‘b’, the interval between 
‘b’ and ‘ec’ being 16 min. Cocaine HCI was injected intramuscularly (8 mg/kg) at the end of 
‘a’, the interval between ‘a’ and ‘b’ being 20 min. The interval between two vertical lines is 
10 sec. (Retouched.) 


The effect of veratramine 
Veratramine inhibits the cardioaccelerator action of adrenaline, nor- 
adrenaline and electrical stimulation of the accelerator nerve (Krayer, 1949; 
Krayer & van Maanen, 1949). These authors state that veratramine probably 
exerts its inhibitory effect’ by blocking the pacemaker against the sympa- 
thomimetic amines. The effect of 0-1 mg/kg veratramine on the acutely 
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denervated heart was a slowing of the basal heart rate and a reduction of the 
responses to adrenaline, noradrenaline and stimulation of the accelerator 
nerve (Fig. 4). When cocaine was not injected the response to noradrenaline 
became larger than to adrenaline and the effect of cardiac nerve stimulation 
was potentiated. Injection of another 0-2 mg/kg veratramine again slowed the 
basal heart rate and reduced all responses but did not alter their relative 


DISCUSSION 


The observations reported in this paper confirm and extend the results of the 
previous paper (Innes & Kosterlitz, 1951). Cocaine, while prolonging the 
action of adrenaline and particularly of noradrenaline and cobefrine, augments 
the rise in heart rate obtained after noradrenaline and its propanol homologue, 
cobefrine, but not after adrenaline. Of all local anaesthetics examined, none 
but amylocaine (Stovaine) had an action similar to cocaine. Philpot (1940) 
found that procaine, butacaine (Butyn), amylocaine, cocaine and cinchocaine 
(Nupercaine) were all efficient inhibitors of rat or guinea-pig liver amine 
oxidase. Cinchocaine was most potent, amylocaine, cocaine and butacaine 
were about equally effective and procaine and ephedrine the weakest inhibitors. 
On the other hand, einchocaine and butacaine did not alter the noradrenaline 
responses at all and much larger doses of amylocaine were required than of 
cocaine. These observations are not in agreement with the hypothesis that 
cocaine potentiates the action of noradrenaline by inhibiting amine oxidase 
(Burn & Robinson, 1952) unless it is assumed that the effector cells of the 
pacemaker have different degrees of permeability to the different local 
anaesthetics. 

Again, although ephedrine increases the sensitivity of the nictitating 
membrane to sympathomimetic amines (Gaddum & Kwiatkowski, 1938), it has 
no potentiating effect on the chronotropic action of adrenaline, noradrenaline 
and cobefrine on the heart. If the potentiating action of cocaine and, to a 
lesser degree, of amylocaine were due to inhibition of amine oxidase, the same 
result ought to be obtained by ephedrine. 

Finally, the fact that cocaine enhances the chronotropic action of nor- 
adrenaline and cobefrine much more than that of adrenaline is not in agree- 
ment with the action of amine oxidase on these amines. While noradrenaline 
is destroyed somewhat more rapidly than adrenaline (Burn & Robinson, 1951), 
cobefrine, as the propanol homologue of noradrenaline, is immune to the 
enzyme (Blaschko et al. 1937). However, the possibility has to be kept in mind 
that in this respect the enzyme of the pacemaker tissue may be different from 
that of liver. 

From this evidence it would appear that the modification of the chrono- 
tropic action of noradrenaline and cobefrine by cocaine and amylocaine cannot 
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be solely due to inhibition of amine oxidase. There seem to be sufficient grounds 
to assume that after cocaine, and probably also chronic postganglionic 
denervation, other changes occur in the effector cells of the pacemaker. The 
nature of these changes is unknown, but a few points have emerged in the 
present investigation which may become of importance in formulating a hypo- 
thesis. Cocaine produces its effect in relatively small doses which do not 
suppress conduction in the accelerator nerves. On the contrary, stimulation 
of the accelerator nerves after cocaine results in a markedly increased chrono- 
tropic response. Thus, if the potentiation of the action of noradrenaline after 
chronic denervation and cocaine is due to one and the same mechanism, the 
degeneration of the postganglionic fibres after denervation cannot be directly 
responsible. It may be of significance that, once cocaine has been given, the 
increase in heart rate is no longer as prompt as it was originally. 

The results obtained with veratramine appear to be of some interest. 
Whereas veratramine reduces indiscriminately the increases in heart rate after 
adrenaline, noradrenaline and stimulation of the cardiac nerves, it does not 
prevent or reverse the specific action of cocaine on the noradrenaline response. 
This suggests that veratramine and cocaine act on two different sites in the 
pacemaker, veratramine causing an apparently unspecific decrease in sensi- 
tivity. It is noteworthy that so far no antagonist to the action of cocaine, 
neither tetraethylammonium, hexamethonium, atropine nor dibenamine, has 
been found. 

It is probable that after therapeutic application in human beings cocaine 
may be absorbed in quantities comparable with those potentiating the 
chronotropic action of noradrenaline and stimulation of the accelerator 
nerves. This may account for the tachycardia so often observed after local 
anaesthesia with cocaine, particularly in view of the fact that cocaine acts also 
when the sympathetic innervation is intact (Innes & Kosterlitz, 1951). 


SUMMARY 


1. On the acutely denervated heart of the cat, cocaine augments the rise in 
heart rate produced by noradrenaline and cobefrine but not that of adrenaline. 
It also prolongs the chronotropic action of noradrenaline, cobefrine and, to a 
lesser extent, adrenaline. 

2. Amylocaine in relatively large doses acts like cocaine while cinchocaine, 
butacaine and ephedrine have no such effect and that of procaine is doubtful. 

3. The chronotropic effect of stimulation of the accelerator nerves 1s 
potentiated by cocaine. 

4. Veratramine reduces the basal heart rate and the chronotropic responses 
to adrenaline and noradrenaline but does not antagonize or reverse the cocaine 
effect. 
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5. It is concluded that the potentiation of the chronotropic action of 
noradrenaline and cobefrine by cocaine is not solely due to inhibition of amine 
oxidase. 
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THE EFFECTS OF PREGANGLIONIC AND POSTGANGLIONIC 
DENERVATION ON THE RESPONSES OF THE NICTITATING 
MEMBRANE TO SYMPATHOMIMETIC SUBSTANCES 


By I. R. INNES anv H. W. KOSTERLITZ 
From the Physiology Department, University of Aberdeen 
(Received 17 August 1953) 


Postganglionic denervation selectively enhances the chronotropic action of 
noradrenaline but not of adrenaline (Innes & Kosterlitz, 1951). Ephedrine 
has no effect on the responses of the acutely denervated heart to adrenaline, 
noradrenaline and cobefrine while cocaine potentiates the action of nor- 
adrenaline and cobefrine (Innes & Kosterlitz, 1954). These facts do not seem 
to support the theory proposed by Burn & Robinson (1952) that the effects of 
postganglionic denervation and of cocaine can be explained by loss or inhibi- 
tion of amine oxidase. Since this theory originated in observations on the 
nictitating membrane, it seemed worth while to adapt for this sympathetic 
effector the procedure employed for the analysis of the chronotropic responses. 
Use is also made of the finding of Lockett (1950) that preganglionically and 
postganglionically denervated membranes differ greatly in their responses to 
adrenaline, noradrenaline and tyramine. 


METHODS 


Experimental. The adrenal medullae were inactivated as described in the 
preceding paper (Innes & Kosterlitz, 1954) and in some animals the nictitating 
membrane was denervated at the same time. In the others, when denervation 
of shorter duration (16-72 hr) was to be examined, the membrane was de- 
nervated at a second operation performed under chloroform-ether anaesthesia. 
Preganglionic denervation (‘decentralization’) was obtained by excising about 
2 cm of the cervical sympathetic, and postganglionic denervation (‘denerva- 
tion’) by removing the superior cervical ganglion. 

For the final stage the cats were anaesthetized with pentobarbitone sodium 
(45 mg/kg). Raising the total dose of pentobarbitone to 75 mg/kg did not alter 
the responses of the nictitating membrane. A few experiments were performed 
in spinal preparations with the brain destroyed (Biilbring & Burn, 1938); the 
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results did not differ in any way from those obtained with pentobarbitone 
anaesthesia. 

The contractions of the nictitating membrane were recorded by means of 
isotonic gimbal levers, the tension exerted on the membranes being 5 g. The 
magnification of the movements of the writing point was x 29. 


TaBiE 1. List of sympathomimetic substances used 


Chemical formula of base 
——_CH——-NH 
Name (Ry) chy) hy) 
Phenylethylamine HCl H H H H H 
acid phos OH 4H H H H 
Nor- Cl (Win 5512) OH 4H OH H 
Nor-neosynephrine’ HCl (Win 5501) H OH OH 4H H 
H xytyramine HCl OH OH H H H 
oradrenaline bitartrate OH OH OH H H 
pu-Cobefrine HCl OH OH OH CH, 4H 
pL-Sympatol bitartrate On. OH #H CH, 
L-Neosyne HCl H OH OH #H CH, 
Epinine H OH OH H H CH, 
L-Adrenaline OH OH OH H CH, 
L-Ephedrine HC! H H OH CH, CH, 


Drugs. The names and chemical formulae of the sympathomimetic amines 
are given in Table 1. The solutions of adrenaline and noradrenaline were pre- 
pared as described previously (Innes & Kosterlitz, 1954) while the solutions of 
the other amines were made up freshly for each experiment by weighing out 
a small amount and dissolving it in Ringer-Locke solution containing ascorbic 
acid (0-2 mg/ml.). The injections were made into the femoral vein; the volume 
varied between 0-2 and 1 ml. and the time taken for the injection was always 
15 sec. The quantities injected refer to the free bases except in the case of 
ephedrine HCl and cocaine HCl. 


RESULTS 

| The final effects of decentralization and denervation 
While denervation and decentralization caused similar changes in the responses 
of the nictitating membrane to sympathomimetic amines during the first 
20-30 hr after operation, the responses were very different from about 48 hr 
onwards. Although adrenaline, noradrenaline, cobefrine and tyramine were 
selected to illustrate in some detail the changes occurring at different stages 
of decentralization and denervation, reference will be made later to other 
sympathomimetic substances. | 

The response of the decentralized membrane to adrenaline was either equal 
to, or smaller than, that of the denervated membrane (Figs. 1, 2). The de- 
centralized membrane was always less sensitive to noradrenaline and cobefrine 
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than the denervated one, the difference being particularly large when the 
adrenaline responses of the two membranes were not equal. The tyramine 
response on the denervated was always smaller than on the decentralized side, 
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Fig. 1. Expt. 101, 3-8 kg. Dose-response curves of the denervated (@) and decentralized ( x ) 
nictitating membranes, 49 days after operation. a, L-adrenaline; 6, L-noradrenaline; 
¢, tyramine. a,c, before, a,-c, after, cocaine HCl (4 mg/kg). 


the discrepancy becoming more marked with increasing doses of tyramine. 
These relationships were not altered when the acute experiment was performed 
as late as 3 months after denervation and decentralization. Injection of 
cocaine slightly reduced the adrenaline contraction of the decentralized 
membrane, markedly enhanced the noradrenaline response and very con- 
siderably diminished the contraction after tyramine; this resulted in making 
the responses of the decentralized membrane more like those of the denervated 
membrane (Fig. 1). All responses of the denervated membrane were somewhat 
depressed by cocaine. 
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The membrane decentralized for 2-3 weeks was much more sensitive to 
adrenaline, noradrenaline and tyramine than the acutely decentralized 
membrane. (Fig. 3). Ephedrine hydrochloride in doses between 100 and 
300 ng/kg potentiated the responses of the acutely decentralized membrane so 
that they imitated those of a chronically decentralized but never of a chronically 
denervated membrane. Whatever dose of ephedrine was used, the contraction 
after noradrenaline always remained smaller than after adrenaline. 
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Fig. 2. Expt. 111, 3-2 kg. Dose-response curve of the denervated (@) and decentralized ( x ) 
nictitating membranes, 19 days after operation. a, L-adrenaline; 6, L- 
DL-cobefrine. 


Comparison of the action of ephedrine and cocaine 

It would appear that, on the whole, injection of ephedrine simulated the 
effect of chronic decentralization and injection of cocaine that of chronic 
denervation. This view was supported by other observations. When cocaine 
was given after ephedrine had converted the responses of an acutely de- 
centralized membrane to those of a chronically decentralized membrane, then 
the responses became those of a chronically denervated membrane (Innes & 
Kosterlitz, 1954; fig. 3). Cocaine, but never ephedrine, changed the responses 
of a chronically decentralized membrane to those of a denervated membrane 
(Fig. 4). When ephedrine had been given first and had caused a prolonged con- 
traction, cocaine often led to a relaxation of the membrane, a fact already 
observed on the intact membrane by Bacq (1936). There was no effect of 
cocaine on the chronically denervated membranes apart from a slight pro- 
longation of the contractions. 

The responses of the acutely decentralized membrane to adrenaline and 
noradrenaline were affected by very small doses of cocaine (0-1—0-2 mg/kg) in 
a way which in some respects was similar to the potentiation by ephedrine 
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Fig. 3. Expt. 104, 3 kg. Dose-response curves of the acutely decentralized (©) and chronically 
decentralized (x) nictitating membranes, 18 days after operation. a, L-adrenaline; 
b, t-noradrenaline; c, tyramine. a,-c, before, a,-c, after L-ephedrine, given in two doses 
of 400 ug each with an interval of 80 min between them. 
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Fig. 4. Expt. 37, 2-5 kg. The effects of ephedrine and cocaine on the responses of chronically 
denervated (CDN) and chronically decentralized (CDC) membranes, 15 days after operation 
to Syg t-adrenaline (A), t-noradrenaline (N) and 10yg pt-cobefrine (C). 200 pug 
L-ephedrine HCl were given 20 min before b and 2 mg/kg cocaine 10 min before c. 
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(Fig. 5). There was, however, no increase in the tyramine responses. Larger 
doses of cocaine, about 2 mg/kg usually being sufficient, equalized the responses 
to adrenaline and noradrenaline. 

Amylocaine, in doses of 20-80 mg/kg, had effects very similar to those of 
cocaine (Innes & Kosterlitz, 1952). This confirms the observations of Bacq & 


b d 


ADC 
1 min 


Fig. 5. Expt. 58, 4-3 kg. The effect of repeated small doses of cocaine on the responses of the 
acutely (ADC) and chronically (CDC) decentralized nictitating membranes, 24 days after 
operation, to 10 ug t-adrenaline (A), 10ug t-noradrenaline (N) and 1-2 mg tyramine 
Cocaine HCI was injected intravenously: 0-1 mg/kg 10 min before b, 0-1 mg/kg 10 min before 
¢c, 0-2 mg/kg 10 min before d, 0-4 mg/kg 40 min and 0-7 mg/kg 10 min before e. 


Lefebvre (1934) and also agrees with the findings that amylocaine can replace 
cocaine in potentiating the chronotropic action of noradrenaline (Innes & 
Kosterlitz, 1954). 

The apparently depressing effect of ephedrine on the action of adrenaline 
and noradrenaline on the chronically decentralized nictitating membrane was 
probably due to the fact that the chronically, but not the acutely, de- 
centralized membrane responded with marked and prolonged contractions to 
ephedrine (Fig. 6, Expt. 62). A second injection of the same amount of 
ephedrine often caused an even larger contraction of the chronically de- 
centralized membrane and then also a considerable shortening of the acutely 
decentralized membrane. Sometimes it was found that with repeated doses 
of ephedrine the contractions of the acutely decentralized or denervated 
membrane eventually became larger than those of the chronically decentralized 
membrane (Fig. 6, Expt. 45). Ephedrine obviously sensitized the acutely 
decentralized membrane to further injections of ephedrine. In a similar way, 
cocaine and amylocaine did not cause a contraction of the acutely decentralized 
membrane while the chronically decentralized membrane responded to these 
drugs with prolonged contractions. 
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The early effects of preganglionic denervation (decentralization) 
There was no difference between the responses of intact, acutely decentralized 
and acutely denervated membranes, and no change was found during the first 
16 hr after decentralization. A slight increase in sensitivity was observed 24 hr 


Fig. 6. Expte. 45, 2-4 kg (a-e) and 62, 3-1 kg (f, g). The responses of chronically decentralized 
(CDC) and acutely decentralized (ADC) and of denervated (A DN) nictitating membranes to 
repeated doses of L-ephedrine HCl. Before each injection the writing points were readjusted 
to the original base-line. Doses (ug) and times. Expt. 45: a, 100, 2-64; b, 200, 3-30; c; 200, 
4-04; d; 300, 4-46; e, 300, 5-08. Expt. 62: f, 400, 10-15; g, 400, 10-58. Operation 15 days 
(Expt. 45) and 7 days (Expt. 62) prior to experiments. 


after operation and became more pronounced after an interval of a further 
24 hr (Figs. 7, 8). At this stage, small doses of ephedrine very often had no effect 
and larger doses a depressant effect on the adrenaline and noradrenaline 
responses while the tyramine responses were potentiated by small doses and 
scarcely altered by the larger doses. The responses of the acutely decentralized 
membrane (Fig. 8) were potentiated by each successive dose of ephedrine until 
they became, if anything, larger than those of the chronically decentralized 
membrane. 3 
The early effects of postganglionic denervation 

The changes observed during the first 2 days after denervation were much 
more rapid and complex than after decentralization. At about 16 hr there was 
often a slightly increased sensitivity to all three amines tested, adrenaline, 
noradrenaline and tyramine (Fig. 9a,-c,), which was made more pronounced 
by small doses of ephedrine. 

The most rapid changes occurred during the period 16-26 hr after operation. 
They consisted of a very marked sensitization of the membrane to all three 
amines; the response to noradrenaline was still less than that to adrenaline 
and the action of tyramine, particularly in small doses, was very considerably 
enhanced and not depressed as in later stages of denervation (Figs. 9a,_¢, 
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and 10). The potentiation of tyramine on the first day of denervation has 
already been observed by Biilbring & Burn (1938) and Fleckenstein & Burn 
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Fig. 7. Expt.'106, 1-9 kg. Dose-response curves of acutely (OQ) and chronically { x ) decentralized 
nictitating membranes, 48hr after operation. a, L-adrenaline; 6, L-noradrenaline; c, 
tyramine. 
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Fig. 8. Expt. 63, 2-6 kg. The effect of ephedrine on the responses of acutely (A DC) and chronically 
(CDC) decentralized nictitating membranes, 48 hr after operation, to 10 ug L-adrenaline (A), 
10 ug L-noradrenaline (NV) and 1-2 mg tyramine 1-ephedrine HCl was injected intra- 
venously: 100 zg 20 min before }, 200 ug 20 min before ¢ and 300g 20 min before d. The 
ephedrine contractions were small in CDC and absent in ADC. 


(1953). The membrane was at this stage very sensitive to ephedrine which, 
even in small doses, caused a powerful contraction with a concomitant de- 
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pression of the responses to adrenaline, noradrenaline and tyramine (Fig. 10). 
It is of interest that, when measured at the beginning of the experiment with 
a tension of 5 g, the denervated membrane was always less extended than the 


20 40 20 40 1000 2000 
Amine (ug) 


Fig. 9. Expt. 90, 2-8 kg. Dose-response curves of intact (©) and chronically denervated (@) 
nictitating membranes 1 hr (a,-c,) and 6 hr (a,-c,) after the beginning of the acute expt. 
Operation 16 hr prior to beginning of expt. a, and a,, L-adrenaline; 6, and 6,, L-noradrenaline; 
c, and ¢,, tyramine. 


decentralized membrane, an observation which agrees well with that obtained 
on the pupil, viz. during the first 2 days after operation the denervated pupil 
is larger than the decentralized pupil (Budge, 1855). . 
During the period of 24-48 hr after denervation, the responses changed in 
a manner characteristic of postganglionic denervation, the response to nor- 
adrenaline i increasing and that to tyramine becoming depressed (Fig. 11). This 
was particularly well seen in an experiment 22 hr after denervation. During 
the next 11 hr the noradrenaline response increased until it equalled adrenaline 
while tyramine became less effective (Fig. 12). Although the general sensitivity 
of the membranes continued to increase after the second day following 
denervation, there was no further change in the relative magnitudes of the 
contractions produced by the various amines. ‘ 
PH. CXXIV. 
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CDN 


1min 
N T 4 N T 
Fig. 10. Expt. 70, 2-4 kg. The responses of chronically decentralized (CDC) and denervated (CDN) 
nictitating membranes, 26 hr after operation, to 10 ug L-adrenaline (A), 10 ug L-noradrenaline 
(N) and 1-2 mg tyramine (7); 200 ug t-ephedrine HCI were injected at the arrow in b. 
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Fig. 11. Expt, 83, 3-4 kg (spinal preparation). Dose-response curves of acutely decentralized (©) 
and chronically denervated (@) nictitating membranes, 48 hr after operation. a, L-adrenaline ; 
b, L-noradrenaline; c, tyramine. 


Spontaneous increase in the sensitivity of the intact nictitating membrane 
Although in recovery experiments decentralization had no sensitizing effect 
until about 16 hr after operation, spontaneous increases in sensitivity of the 
intact or acutely decentralized membrane were sometimes observed within 
a few hours after the beginning of an acute experiment. These changes always 
simulated those of chronic decentralization and never of chronic denervation. 
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There was nothing obvious in such experiments which could help to explain 
this phenomenon. In the course of some twenty experiments designed to 
investigate this problem it was found that the sensitization could be brought 


A N T 
Fig. 12. Expt. 85, 2 kg. The responses of the chronically denervated (CDN) and decentralized 
(CDC) nictitating membranes, 22 hr after operation, to 10 ug t-adrenaline (A), 10 ug L-nor- 
adrenaline (NV) and 1-2 mg tyramine (7'). a, 20 min; 6, 11 hr after the beginning of the acute 
experiment. 


b 


z 5 10 20 2 5 10 20 
Fig. 13, Expt. 149, 1-8 kg. Effect of haemorrhage on the responses of the acutely decentralized 
(ADC) nictitating membrane to 2, 5, 10 and 20 yg L-adrenaline. The remaining left adrenal 
was removed at the beginning of the experiment. Immediately before b, 10 ml./kg blood were 
withdrawn. The potentiation was more than 100%. 


about most readily by lowering the arterial B.P. to about 60 mm Hg by a 
haemorrhage of 10-15 ml. blood/kg body weight (Fig. 13). Re-infusion of the 
blood sometimes but not always reduced the responses. It made no difference 


whether the adrenals were present or not. Severing the vagus and sinus nerves 
3-2 
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did not prevent the increase in sensitivity caused by haemorrhage. A par- 
ticularly marked and rapid sensitization was found in one experiment in which 
the B.P. fell spontaneously from 175 to 60 mm Hg in the course of less than 


2 hr (Fig. 14). 
| a b 


5 10 20 re 20 
Fig. 14. Expt. 151, 1-8 kg. The ‘spontaneous’ potentiation of the responses of the acutely 
decentralized (ADC) nictitating membrane to 5, 10 and 20g t-adrenaline. Both adrenals 
were removed at the beginning of the experiment. a, at 10-17 a.m. b, at 12-04 p.m. Potentia- 
tion considerably more than fourfold. 


Absence of potentiation of adrenaline and noradrenaline by cobefrine 

Burn & Robinson (1952) suggested that the potentiation of the action of 
cobefrine. by denervation or cocaine was due to the fact that less amine 
oxidase was present and less of the cobefrine would combine with the enzyme, 
leaving more cobefrine free to act on the membrane. If this were so, cobefrine 
should, in the acutely decentralized membrane, saturate the enzyme and thus 
potentiate the response to adrenaline. Such an effect was never observed when 
adrenaline or noradrenaline was injected 5 min after cobefrine. Further, when 
5 ug of adrenaline were given together with 50 or 100ug of cobefrine, there 
was no potentiation of the adrenaline contraction of the acutely or chronically 
decentralized membranes. The action of noradrenaline also remained unaffected. 


The effect of decentralization and denervation on the action of some other 

sympathomimetic substances 

Decentralization caused an apparently unspecific increase in the responses 

of all substances tested. The shapes of the dose-response curves of epinine, 

neosynephrine and 5-hydroxytryptamine were similar to those of adrenaline 

and noradrenaline (Fig. 3), while the curves of sympatol and f-phenylethy]l- 
amine were on the whole more like that of tyramine. 

The responses of the denervated membrane were compared with those of the 

decentralized membrane as a standard of reference in order to allow for 
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unspecific increases in sensitivity. When amines were tested which differed 
from adrenaline by the loss of the CH, group, noradrenaline (Fig. 155), or the 
loss of the phenolic OH group in the para- position, neo-synephrine (Fig. 15c), 
or the loss of both of these groups, ‘nor-neosynephrine’ (Fig. 15d), then the 
responses of the denervated membrane showed only minor differences while 
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Fig. 15. Expt. 159, 3-1 kg. Dose-response curves of chronically denervated (@) and decentralized 
(x) nictitating membranes, 48 hr after operation. a, L-adrenaline; b, L-noradrenaline; 
¢, L-neosynephrine; d, pL-‘nor-neosynephrine’; ¢, pDL-sympatol; f, pL-‘nor-sympatol’; 
g, tyramine, 


those of the decentralized membrane were considerably reduced. This was so 
whether the response to adrenaline of the decentralized membrane was equal 
to, or less than, that of the denervated membrane. The means of the relative 
activities of these substances, tested on decentralized and denervated mem- 
branes, are summarized in Table 2. As far asthe responses of the decentralized 
membrane were concerned, the loss of the CH, (noradrenaline) and of the 
phenolic OH in the para- position (neosynephrine) led to similar losses in 
activity. When both these groups were absent, there was a very marked de- 
crease in activity (‘nor-neosynephrine). 

The responses to the amines without the OH group in the meta- position of 
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Taste 2. Comparison of the action of adrenaline, noradrenaline, neosynephrine, ‘nor-neo- 
synephrine’ and epinine on the chronically decentralized and denervated nictitating 
membranes (2-18 days) 

Activity expressed in multiples of the 


dose of L-adrenaline giving the same 
contraction of the nictitating membranes 


(range in brackets) 
Amine Decentralized Denervated 

u- Noradrenaline 5-3 1-2 

(11 expte.) (4-10) (1-2) 
L- Neosyn 

(9 expte.) (3-10) (1-7) 
Nor 40 8 

(8 expte.) (2-8) 

(4 expte.) (33-53) (4-18) 


It is probable that L-‘nor-neosynephrine’ is almost twice as active as the racemic compound 
which was used. As the number of experiments in which the membrane was denervated 13-18 days 
prior to the experiment was small, it is not certain whether the duration of denervation has any 
effect on the responses. 
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Fig. 16. Expt. 175, 2:2 kg. Dose-response curves of chronically denervated (@) and decentralized 

(x) nictitating membranes, 48 hr after operation. a, t-adrenaline; 6, L-noradrenaline; 

¢, epinine; d, hydroxytyramine; ¢, tyramine. 
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the benzene ring were very different from those described above. Sympatol 
(Fig. 15e) and ‘nor-sympatol’ (Fig. 15f) were both much less active than the 
compounds having an OH group in the meta- position and the responses of the 
denervated membrane were slightly less than those of the decentralized 
membrane. ‘Nor-sympatol’ differs from tyramine in having an alcoholic 
OH group in the side chain; thus, introduction into the tyramine molecule of 
this group scarcely altered the response of the decentralized membrane but 
improved that of the denervated membrane very considerably. 

The loss of the alcoholic OH group from adrenaline, leading to epinine 
(Fig. 16c), or from noradrenaline, leading to hydroxytyramine (Fig. 164), 
caused a loss of activity on the decentralized membrane similar to that found 
when the phenolic OH in the meta- position was absent. Compared with 
tyramine, the response of the denervated membrane to hydroxytyramine was 
improved while there was little difference between the responses of the de- 
centralized membrane. The responses to hydroxytyramine were rather like 
those after ‘nor-sympatol’ in that there was relatively little difference between 
the decentralized and denervated sides. On the other hand, epinine always 
caused a much better response on the denervated than on the decentralized 
side (Table 2). 

Cocaine (3 mg/kg) potentiated the responses of the chronically decentralized 
membrane to noradrenaline, ‘nor-neosynephrine’, epinine and slightly to neo- 
synephrine. The responses to sympatol, nor-sympatol and hydroxytyramine 
were scarcely affected by cocaine. 


DISCUSSION 


The differences between the, responses of decentralized and denervated 
membranes to adrenaline, noradrenaline and tyramine were first pointed out 
by Lockett (1950). Our observations fully confirm and extend her findings, 
viz. that, while decentralization unspecifically enhances the responses of the 
nictitating membrane of the cat to sympathomimetic amines, denervation 
specifically potentiates the response to noradrenaline and depresses that to 
tyramine. 

It would appear that the changes brought about in the effector system are 
much more complex after denervation than after decentralization. During the 
first 24 hr after operation the differences between a denervated and a de- 
centralized membrane are mainly of a quantitative nature: the increase in 
sensitivity affects all the amines in an unspecific manner but the rate of this 
increase is greater after denervation than after decentralization. During the 
second day the sensitivity of the decentralized membrane continues to increase 
without significant changes in the relative activity of the amines while the 
denervated membrane becomes more sensitive to noradrenaline and cobefrine 


but responds less to tyramine, particularly in large doses. This qualitative 
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change occurs at the time when it becomes impossible to produce a contraction 
of the nictitating membrane by stimulating the postganglionic fibres sub- 
serving it. This loss of conduction is not likely to be the direct cause of the 
specific alterations as a membrane whose responses have been potentiated by 
cocaine still contracts after electrical stimulation of the postganglionic fibres. 

The changes produced by decentralization and denervation can also be 
imitated by ephedrine and cocaine. Thus, after injection of ephedrine, an 
acutely decentralized membrane responds like a chronically decentralized 
membrane and, after cocaine, like a chronically denervated membrane. As is 
to be expected, ephedrine has no potentiating but rather a depressing effect 
on the responses of a chronically decentralized or denervated membrane and 
cocaine does not significantly affect a denervated membrane. 

Burn & Robinson (1952) found that the amine oxidase content of the 
nictitating membrane falls after denervation. On the strength of this finding 
and the fact that cocaine inhibits amine oxidase (Philpot, 1940), they formu- 
lated their theory that the changes caused by denervation or cocaine are due 
to a loss or inhibition of amine oxidase. In view of the general rise in sensitivity 
to sympathomimetic amines which is found after decentralization of the 
nictitating membrane, it would be of interest to know what happens to the 
amine oxidase content of such membranes. So far no data are available in 
support of a possible hypothesis that the increase in sensitivity is due to a loss 
of enzyme. Such a view, however, would be in agreement with the fact that 
ephedrine, a competitive inhibitor of amine oxidase (Blaschko, Richter & 
Schlossmann, 1937), changes the responses of the acutely decentralized 
membrane so that they become indistinguishable from those of a chronically 
decentralized membrane. There is only one observation which does not seem to 
fit, namely the potentiating effect of ephedrine on the action of cobefrine which 
is immune to amine oxidase from liver and does not compete for the enzyme 
with adrenaline or noradrenaline. However, the enzyme of the nictitating 
membrane may be different from that of the liver. 

In our opinion, chronic denervation produces changes which are more 
complex than those after decentralization. It is unlikely that the loss of amine 
oxidase found in denervated membranes (Burn & Robinson, 1952) can explain 
the difference between decentralized and denervated membranes. It seems to 
be difficult to explain on this basis why the denervated membrane responds 
more to noradrenaline and cobefrine and less to tyramine than the de- 
centralized membrane. Fleckenstein & Burn (1953) also arrived at the con- 
clusion that the potentiating effect of denervation on the action of cobefrine 
could not readily be explained by a loss of amine oxidase. As far as the 
depression of the tyramine response was concerned, they assumed that 
tyramine had no direct action on the normal membrane but competed for the 
enzyme with the transmitter, noradrenaline; in this way a contraction was 
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caused by the transmitter itself which had been liberated from the resting 
nerve fibres. So far, such a competition between the transmitter and tyramine 
has not been shown by direct experiment. Whatever the explanation of the 
action of tyramine may be, the fact that ephedrine potentiates the response 
to tyramine quite readily and to a considerable extent while small or large 
doses of cocaine do not, indicates that the cocaine effect is different from that 
of ephedrine and not solely due to an inhibition of amine oxidase. In this 
connexion it appears to be of importance that cocaine does not prevent the 
contraction of the nictitating membrane when the postganglionic fibres are 
stimulated ; obviously the transmitter is still liberated when cocaine has been 
given. 

It is not yet possible to formulate a theory which would explain the changes 
observed after decentralization and denervation. There seem to be, however, 
a number of facts which may be of significance. Since denervation in its early 
stages results in changes which qualitatively are indistinguishable from 
decentralization, it may be justified to assume that the late changes, seen after 
about 40 hr, are of a secondary nature, superimposed upon the primary 
changes brought about in the first phase of denervation, i.e. about 24 hr after 
operation. While these secondary changes occur simultaneously with the 
degeneration of the postganglionic fibres, they are not necessarily a direct 
result of the loss of conduction in these fibres. It is more likely that both 
cocaine and the degeneration of the postganglionic fibres lead to the same, so — 
far unknown, alterations in the effector system. It is tempting to assume that 
the changes during the first phase of denervation are the same as those 
occurring in an acutely decentralized membrane after injection of ephedrine 
and after chronic decentralization of any duration. It is not impossible that 
a decrease or complete absence of impulses from the cells in the superior 
cervical ganglion plays a role in producing these changes in the effector system. 
The fact that after decentralization, but not after denervation, a certain 
number of impulses will still reach the effector system may serve to explain 
the particularly rapid, unspecific sensitization which is observed in the first 
phase of denervation. 

The findings obtained with derivatives of adrenaline and noradrenaline 
lacking one or both phenolic OH groups and the alcoholic OH group also 
indicate that the changes in the effector after denervation are fundamentally 
different from those found after decentralization. The actions of some of these 
amines have already been investigated (Bacq & Lefebvre, 1934; Bacq, 1936, 
1938; Biilbring & Burn, 1938; Flétkenstein & Burn, 1953). Our observations 
are in fair, but not complete, agreement with the results of these authors. The 
reason for any discrepancy probably lies in the fact that they used for 
comparison the intact or the acutely decentralized membrane, while in our 
experiments the chronically decentralized membrane served as a standard of 
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reference in order to allow for unspecific increases in sensitivity. The results 
obtained seem to suggest that denervation leads to an ability of the effector 
cells to detect the absence from the adrenaline molecule of the methyl group 
and the phenolic OH group in the para- position. Further, after denervation 
the membrane is no longer able to respond with powerful contractions to 
large doses of amines possessing a phenolic OH group in the meta-position, — 
particularly when the alcoholic OH group in the side chain is also absent. 
These inabilities are not found after decentralization and it is tempting to 
speculate that they are associated with degenerative changes presumed to 
occur in the denervated effector cells. 

The mechanism of the spontaneous increase in sensitivity which is sometimes 
observed in intact or acutely decentralized membranes is not clear. The 
sensitization is of the same type as that found after decentralization or 
ephedrine and may be caused by similar changes in the effector system. It is 
observed when the arterial B.P. is lowered spontaneously or by haemorrhage. 
It was at first thought that this might be an emergency reaction for which 
cortical steroids would be responsible, but the adrenals were found to be 
unnecessary for this response. The increased sensitivity is not caused by a 
reflex from the baroreceptors since the vagi and sinus nerves are also 
unnecessary. 


SUMMARY 

1. Chronic preganglionic denervation (decentralization) sensitizes the cat’s 
nictitating membrane in an unspecific manner to adrenaline, noradrenaline, 
cobefrine, tyramine and all other sympathomimetic substances tested so far. 
When compared with these responses, chronic postganglionic denervation 
(denervation) causes either no or only a slight increase in the adrenaline 
response, a marked potentiation of the noradrenaline and cobefrine responses 
and a depression of the tyramine effect. 

2. The effect of decentralization but not that of denervation can be brought 
about by injection of ephedrine while cocaine imitates the effect of denerva- 
tion. Sometimes changes similar to chronic decentralization occur spon- 
taneously in the intact or acutely decentralized membrane in the course of an 
acute experiment. 

3. During the first 24 hr after operation there is no qualitative difference 
between the responses of denervated and decentralized membranes although 
the sensitization proceeds much more rapidly after denervation. Between 
24 and 48 hr, secondary changes supervene in the denervated membrane which 
convert its responses to those of a chronically denervated membrane. 

4. After denervation, but not after decentralization, the membrane loses 
its ability to detect the absence from the adrenaline molecule of the methy! 
group or the phenolic OH group in the para- position. Further, the denervated 
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membrane is no longer able to contract powerfully after moderate and large 
doses of derivatives not possessing the phenolic OH group in the meta- 
position. 

5. The evidence presented makes it unlikely that a loss or inhibition of 
amine oxidase is the only cause for the changes in the responses of membranes 
which have been chronically denervated or treated with cocaine. Nothing is 
known as to the nature of the changes in the effector system of such membranes. 
The general increase in sensitivity of the membrane after decentralization 
or ephedrine may be due to diminished activity of amine oxidase. 
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THE BEHAVIOUR OF THE WEIGHT OF THE HEART AND 
THE BLOOD PRESSURE OF ALBINO RATS UNDER 
DIFFERENT CONDITIONS 


By MARGARET BEZNAK* 
From the Department of Physiology, University of Birmingham 
(Received 13 August 1953) 


It was found previously that the same aortic constriction as that which caused 
hypertension and a well-pronounced increase in the weight of the heart in normal 
rats had no such effect in hypophysectomized rats (Hajdu & Bezndk, 1943, 
1945); and it was shown further that the effects of hypophysectomy are not 
produced through secondary changes in the thyroids (Bezn4k & Hajdu, 1944, 
1946) or in the adrenals (Bezn4k, 19525). In the course of these experiments 
certain problems arose which had to be solved before the effectiveness of 
different hormone therapies in restoring cardiac hypertrophy and hypertension 
in hypophysectomized rats could be evaluated. The first of these problems was 
the effect of a rapid loss of body weight on the weight of the heart, on the 
blood pressure and on the weight of the endocrines. The importance of this 
question is borne out by the circumstance that rats lose weight to a different 
extent in the conditions studied, i.e. aortic constriction, hypophysectomy and 
the combination of the two. Further, since some of the hormones used in 
subsequent experiments influence the body weight of rats, while others do 
not, it was of paramount importance to decide to what extent possible changes 
in cardiac weight might be attributed to concomitant changes in body weight 


and to what extent they might be considered independent. Modern work, — 


mainly on human material, showed that—contrary to the old view—the 
weight of the heart during starvation followed changes in body weight very 
closely. In rats, Walter & Addis (1939) found that after 7 days of complete 
starvation the loss of cardiac weight was proportional to the loss of body 
weight. On the other hand, it was found (Bezn4k, 1952) that the cardiac 
weight of eight rats pair-fed with hypophysectomized rats and thereby losing 
body weight, was not significantly reduced. In view of the importance of this 


* With a personal grant from the Medical Research Council. Present address: Department of 
Physiology, Medical School, Ottawa, Canada, 
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problem a study was undertaken of the cardiovascular changes occurring in 
sixty-two rats whose food intake was restricted to a varying degree so that the 
resulting loss of body weight should be comparable to the one taking place 
under the experimental conditions. 

Next the effect of aortic constriction on the extent of cardiac hypertrophy 
and hypertension and on the weight of the endocrines in rats of different ages 
and hence of different body weights was investigated. Since the results from 
the rats with a restricted food intake proved that only rats of similar body 
weights should be compared, the question arose whether cardiovascular and 
endocrine changes brought about by hypophysectomy were of the same magni- 
tude in rats of different sizes. After this the investigation of the effect 
of aortic constriction in hypophysectomized rats of varying body weights 
followed logically. 

By studying changes in cardiac weight and blood pressure over a wide range 
of rats of different sizes, it was hoped to obtain some information about the 
ways in which the effects of aortic narrowing and hypophysectomy are 
produced. Further, the data collected seemed suitable to decide whether there 
was any correlation between blood pressure and changes in cardiac weight 
brought about by the above influences. 

This paper, therefore, contains data from normal rats of all sizes on the 
weight of the heart and its different parts, the blood pressure and the weight 
of the endocrines. The influence on these variables of partial starvation, 
of hypophysectomy and of aortic constriction in both normal and hypo- 
physectomized rats is investigated, together with the problem of whether the 
influence of the above conditions is standard throughout the growth curve of 
rats or whether a different degree of influence can be observed in rats of 
different sizes. 

METHODS 
The rats used were male albinos of the Glaxo strain, bred and reared in the Departments of 
Physiology and of Anatomy of the University of Birmingham. The data in the paper were 
collected in the course of the last 3 years on 577 rate divided into five groups: (1) 224 normal rats; 
(2) 62 normal rats whose food intake was restricted; (3) 100 normal rats whose aortae were 
narrowed ; (4) 125 hypophysectomized rats; and (5) 66 hypophysectomized rats whose aortae had 
also been narrowed. 

The rats lived in groups of 5-10 and, with the exception of those whose food intake was 
restricted, received an ad lib. diet of rat cakes and water. Normal rats consume in a day 18-25 g 
of this diet and drink about 25 ml. water. In the groups where the food intake was restricted the 
partial starvation lasted for 5 days. The rats lived in groups of 8, and the various groups received 
(per rat per day) 15, 12, 9, 6 and 3g food. Naturally the food intakes of the individual rate in the 
same group were not identical, and no attempt was made to determine them. The change in body 
weight occurring during this 5 day period of reduced food intake was recorded. All groups 
always drank water ad lib., but the quantity of water consumed fell with the decrease of food 
intake. Thus while normal rate on ad lib. food intake of about 20 g drank on an average 25 ml. per 
rat per day, those receiving 12 g of food drank 18 ml. while those receiving 6 and 3 g food drank 
14 and 12 ml. water respectively. 
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Narrowing of the descending aorta (with a silver ring of 0-8 mm diameter) and h 
were performed under ether anaesthesia as previously described (Beznak, 1952a). The data from 
these animals was not included unless the rates survived the operation for 5 days and also the 
hypophysectomy was shown to be complete by the macroscopic examination of the sella and by 
the atrophy of the endocrines. 

All animals were weighed under light ether anaesthesia at the commencement of the experiment 
and 5 days later before the blood pressure was measured. The blood pressure was determined by 
direct cannulation of the carotid, and in some cases the femoral artery under ether anaesthesia. 
For the cannulation of the femoral a blunted and shortened (6 mm) very fine (no. 22) hypodermic 
needle was used, connected through thin rubber tubing filled with heparinized saline (0-9% 
NaCl) to a mercury manometer. The rate were then killed by clamping the trachea and the heart 
was removed and freed from blood. The atria, right and left ventricular walls and the septum 
were weighed separately and their dry-matter content determined. The weights of the atria and 
the right and left ventricles were calculated as described previously (Hajdu & Bezndk, 1943; 
Beznak, 1952a). Lastly the endocrines were weighed on the analytical balance. The greatest 
difficulty lies in assessing the correct weight of the atria. Though it is easy to separate them from 
the ventricles, their boundary towards the great veins is very indistinct. On the other hand, 
with practice, the right ventricular wall may be separated accurately from the septum and left 
ventricle. 

As to the accuracy of measuring the blood pressure by direct cannulation of the carotid artery 
under light ether anaesthesia the following experiments have been carried out. In ten normal rats 
the blood pressure was measured in the carotid. The carotid was then closed with a clip, the 
cannula removed, washed, re-introduced into the carotid and a second blood-pressure reading 
taken. In five rate the blood pressure was measured a third time. Only rats of fair size (160-220 g) 
were used so as to make the re-introduction of the cannula easy. The greatest difference observed 
was 10 mm Hg, but in the majority of cases it was not more than 4 mm Hg. In a further six rats 
the blood pressure was measured in the left carotid, then the carotid was tied. Five days ‘ater 
the blood pressure was measured in the right carotid of the same rats. The difference in the two 
readings was 11, 1, 1,4, -7 and -2 mm Hg. 


RESULTS 
The effect of the loss of body weight 
The weight of the heart and its different parts have been determined in 
224 normal rats, ranging from 27 to 440 g. Detailed data are given in Table 2. 
Of particular interest, however, are the values for rats weighing 120-240 g 
since the experimental groups fall in this range. It was found that in this 
range the regression of heart weight on body weight can be expressed satis- 
factorily by a straight line, though the points plotted for the whole growth 
form an S curve. 

Fig. 1 shows the fitted straight lines, calculated by the method of least 
squares, together with twice the standard error of the mean, for three groups 
of rats. Line A represents the relation between cardiac weight and body weight 
in the 153 normal rats falling in the stated range of body weight. The equation 
of curve A is ¢=1-88X +232 (where ¢ represents expected weight of the heart 
in mg and X the body weight in g of the rat) and the standard error of the 
slope (S,) is + 0-112. Curves B and C show similar calculated lines for those fifty- 
two of the sixty-two rats with restricted food intake, whose final body weight 
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falls into the 120-240 g range. In curve B (g=2-14X +186, S,= + 0-124), 
cardiac weight is plotted against final body weight, i.e. the body weight 


_ observed at the end of the experiment after the rats had lost, on an average, 


13% of their initial weight. There is no significant difference either between 
the slope or the position of curves A and B (P>0-1). The conclusion is 
therefore warranted, that the same cardiac weight corresponds to a given 
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Fig. 1. The regression of cardiac weight on body weight calculated by the method of least squares. 
Abscissa: body weight in g. Ordinate: cardiac weight in mg. A =normal rats; B = partially 
starved rate, cardiac weight calculated for final body weight; C =partially starved rats, 
cardiac weight calculated for initial body weight. Shaded areas = 2 x standard error of mean. 


body weight, irrespective of whether that body weight was reached during the 
process of normal growth or by losing various amounts of weight from starva- 
tion. This point is further emphasized by line C (9 = 1-93X +171, S, = + 0-144), 
where the cardiac weight of the same fifty-two rats with restricted food intake 
was plotted against initial body weight. This line differs significantly in 
position from lines A and B proving that the normal relationship between 
heart weight and body weight is obtained only if cardiac weight is related to 
final body weight. In other words, the conclusion is reached that, over the 
range investigated, cardiac weight very closely follows changes in body weight 
whether these be in a positive or negative direction. The cardiac-weight : body- 
weight ratio is not an unequivocal term, since it is not the same for all body 
weights. Table 1 gives this ratio for normal rats from our colony and for all 
the groups investigated. It is apparent from looking at the figures of the 
normal rats, that there is a significant decrease in this ratio as the rats grow, 


_ €.g. @ ratio of $52 observed in the rats of 220-240 g body weight with aortic 


narrowing is indicative of a significant increase in the weight of the heart, 
whereas the same ratio would be normal for rats weighing about 140g. 
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Therefore it is meaningless to give the cardiac-weight : body-weight ratio 
without stating at the same time the weight of the rat. 

Table 2 gives the weights of the atria and right and left ventricles in normal 
rats and in rats whose food intake had been restricted. From this table the 
changes in the weight of the heart and its parts can be followed throughout 
the entire growth curve. The table also proves that there is no change in the 
relative weight distribution of the different parts of the heart during partial 
starvation, Thus all parts of the heart lose weight equally and to a degree 
corresponding to the loss of body weight. 

It should be mentioned that in spite of the loss in body and cardiac weight 
occurring in partially starved rats the blood pressure of these rats differed in 
no way from that of normal rats. The detailed figures are in Table 5, and it 
is apparent that 5 days of partial starvation did not affect the blood pressure. 

Table 3 gives the changes in body weight occurring in all groups of rats 
during the experimental period of 5 days. Only rats in the body-weight range 
120-240 g were considered. The table illustrates the point that the loss of 
body weight occurring in consequence of food restriction covered the range 
found in the other groups. It was shown above that in normal and partially 
starved groups these changes in body weight were closely followed by cor- 
responding changes in heart weight. If, therefore, in some of the experi- 
mental groups, the cardiac weights observed do not correspond to those 
expected in rats of similar body weight, the conclusion is warranted that the 
experiment had an effect on the weight of the heart; or, in other words, that 
the mechanism by which cardiac weight follows changes in body weight was 

The effect of aortic constriction and hypophysectomy 

Fig. 2 shows the relation between body weight and the weight of the heart 
and its different parts from the data of 153 normal rats (line A), 95 normal 
rats with aortic constriction (line B), 110 hypophysectomized rats (line C) 
and 64 hypophysectomized rats with aortic constriction (line D). 

The first part of the figure shows the values for the whole heart. Line A is 
the same as that given in Fig. 1 for normal rats. It can be seen that con- 
striction of the aorta in normal rats (line B) produces a great increase in the 
weight of the heart, and that line B (g=1-96X +347, S, = +0205) runs 
parallel to that obtained in normal rats (line A). This means that the heart 
gained approximately the same absolute amount of weight in rats weighing 
120 g (i.e. with a cardiac weight of about 460 mg) as in rats of 240 g (with an 
initial cardiac weight of 680 mg), and therefore aortic narrowing produces 
a greater percentage increase in cardiac weight in small than im eo ana 
Line C (9=1-38X+4248, S,=+0-145) shows the cardiac weight of in 
physectomized rats of the same body-weight range. This line is ac ak y 
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lower than the normal line since the shaded areas round the lines (representing 

+ twice the standard error of the mean) do not touch. However, line C is not 
only significantly lower than line A, but the slopes of the two lines are also 
significantly different (P>0-01), line C being less steep than line A. This 
means that the hearts of small rats lose less weight (absolutely and relatively) 
in consequence of hypophysectomy than do the hearts of large rats. Line D 
(Gg =1-90X +193, S,=— +0-132) on the graph shows what happens when the 
aortae of hypophysectomized rats are narrowed with the same sized ring which 
caused, in normal rats, an increase in the size of the heart represented by 
line B. It can be seen that a certain increase in cardiac weight as compared 
with the value for hypophysectomized animals (line C) has taken place, 
though the weight of the heart does not even reach the level for normal 
animals. Therefore, it is more pertinent to say that there is no increase 
in the weight of the heart in hypophysectomized rats following aortic con- 
striction, but that the loss of cardiac weight due to hypophysectomy is 
diminished. 

The other parts of Fig. 3 show that the changes in cardiac weight just 
described are not made up evenly from identical changes in all parts of the 
heart. It is evident from comparing lines B with lines A that practically all 
the increase in cardiac weight in consequence of aortic narrowing is due to an 
increase in the weight of the left ventricles. Since in the case of the right 
ventricles lines A and B overlap, it is clear that their weight does not increase 
on aortic constriction. The weight of the atria, on the other hand, increases 
after narrowing, especially in small rats. Though this increase may in some 
cases be very great indeed, owing to the small weight of the atria, this con- 
tributes relatively little to the weight increase of the whole heart. Lines C 
show that all parts of the heart lose weight in consequence of hypophysectomy. 
In rats weighing 120-240 g, the left ventricles lose, on an average, 11%, the 
right ventricles 13% and the atria 17% of their original weight in 5 days. 
Lines D show the values obtained for the different parts of the heart in hypo- 
physectomized rats whose aortae had also been narrowed. As in the case of 
the whole heart, the weight of the atria, right and left ventricles is above the 
values for the hypophysectomized animals but below those for the normal 
animals. The greatest increase in weight takes place in the left ventricles; i.e. 
if the aorta is narrowed, their loss of weight in consequence of hypophysectomy 
is practically prevented, whereas atria and right ventricles lose almost the 
same amount of weight after hypophysectomy whether the aorta has or has 
not been narrowed. 

Fig. 2 therefore justifies the following conclusions: 

(1) The cardiac enlargement due to aortic constriction is mainly of left 
ventricular and to a lesser degree of atrial origin, the weight of the right 
ventricle remaining unchanged. 
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(2) In consequence of the same degree of aortic constriction the hearts of 
small rats show a relatively greater hypertrophy than the hearts of large rats. 

(3) All parts of the heart lose weight in consequence of hypophysectomy. 
Hearts of small rats, however, lose less weight than do hearts of large rats. 

(4) Aortic narrowing causes no cardiac enlargement in hypophysectomized 
rats, but the loss of weight from hypophysectomy is much diminished. This 
is mainly due to the left ventricles; they hardly lose weight after hypo- 
physectomy if the aorta is simultaneously narrowed, whereas the loss of 
weight of the atria and right ventricle is only slightly diminished. 

Table 4 shows that the changes described for the wet weight of the heart 
are not due to a mere gain or loss of water. In normal rats there is a tendency 
for the percentage dry-matter content of the heart to increase with the body 
weight. The dry-matter content of the hearts that gained on an average 23% 
of their original weight in 5 days in consequence of aortic constriction is 
somewhat below normal. This decrease in the dry-matter content is not 
significant in all weight groups, though the trend is the same, but it is 
significant when calculated from the united data for all rats between 120 and 
240 g body weight. The increase in net cardiac mass due to aortic constriction 
is, however, so great that even though the percentage dry-matter content may 
be slightly decreased in some cases, there is a substantial gain in absolute 
amount. The average dry-matter content of the hearts of hypophysectomized 
rats is on the whole not significantly changed when compared with normal. 
It seems, however, to be increased in the smaller weight groups. This is the 
more interesting since it was shown in Fig. 2 that the hearts of small rats had 
lost comparatively little weight 5 days after hypophysectomy. If it is taken 
into account that this slightly decreased cardiac mass contains more dry 
matter than it normally did, it seems that hypophysectomy hardly affected 
the dry weight of the heart of small rats, whereas it produced a great decrease — 
in larger rats. The conclusion seems warranted that small rats can keep their 
cardiac weight under unfavourable conditions for a longer time than large 
rats. The dry-matter content of the hearts of hypophysectomized rats whose 
aortae were narrowed does not seem to differ from that of normal rats. 

Table 5 gives the blood-pressure values of these groups measured as 
described in the carotid artery. In normal rats there is a rise in blood pressure 
between body weights of 27 g (that being the smallest rat in which the blood 
pressure was successfully measured) and 100 g. After that the blood pressure 
seems to remain at a steady level during the entire growth period. It is 
possible that there is a late rise in blood pressure in very large rats (440 g 
was the largest rat investigated), but the number of rats in this body-weight 
group is not large enough to make this conclusion certain. It may also be 
pointed out that no old animals were used and even the largest rats, though 
fully grown, were not older than 7-8 months. It has already been mentioned 
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that reducing the food intake for 5 days had no significant influence on the 
blood pressure. The blood pressure of those rats whose aortae has been nar- 
rowed is consistently higher than that of normal rats, but the extent of this 
hypertension is not different in small and large rats. The blood pressure of 
hypophysectomized rats is significantly lower in all weight groups than that 
of normal rats. Whether the drop of blood pressure increases with the size 
of the rats cannot be established with certainty since the number of rats at 
the two ends of the body weights investigated is rather small. As was the 
case with the weight of the left ventricles, the blood pressure of those hypo- 
physectomized rats whose aortae were also narrowed is higher than that of 
hypophysectomized rats, but there is no hypertension since the blood pressure 
is below the normal level. : 

Table 6 gives the average blood pressure measured in the carotid and in the 
femoral artery of the four groups of rats. This table only includes values from 
rats whose weight falls in the range of the experimental series (120-240 g). 
Because of the size of the femoral artery measurements by direct cannulation 
would have been impracticable in smaller rats. The femoral blood pressure is 
lower than the carotid. It is, however, of particular interest in those groups 
(normal and hypophysectomized) where the aorta was constricted, since in 
this way the blood pressure below the narrowing (femoral) and the blood 
pressure above the narrowing (carotid) was obtained. The table shows that in 
normal rats the femoral blood pressure is also increased in consequence of 
aortic constriction, In hypophysectomized rats, though it is higher after 
aortic narrowing, the increase is not significant. 

Table 7 gives the weights of endocrines. It has already been observed 
(Bezn&k, 19524, b) that aortic narrowing causes a slight enlargement of the 
adrenals, This hypertrophy, though not significant in all previous experiments, 
was always present, and is in part due to the laparotomy which is necessary 
for the constriction of the aorta. The atrophy of the adrenals in hypophy- 
sectomy is well known and as seen from the table is present in all weight 
groups. The magnitude (40% in 5 days) and relative stability of this adrenal 
atrophy makes it one of the most reliable signs by which to check the com- 
pleteness of hypophysectomy. As is known, the adrenals do not enlarge after 
hypophysectomy; correspondingly, there is no change in their weight after 
aortic constriction. Regarding the weight of the thyroids it must be stated 
that the results should be treated with caution since the thyroids are not as 
well defined as the adrenals and it is difficult to remove all surrounding tissue 
with comparable certainty. However, in spite of the relatively large standard 
error of the mean, it can be accepted that the thyroids atrophy in hypo- 
physectomized rats whether their aortae were narrowed or not. The weight of 
the testes also diminishes after hypophysectomy. That this atrophy seems to 
be smaller or absent in small rats may only be apparent. As is shown by the 
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results of the group with restricted food intake, the weight of the testes does 
not follow closely rapid changes in body weight. The weight of the testes of 
rats whose food intake had been restricted is high when compared with the 
testicular weight of those body-weight groups into which these partially 
starved rats fall on the basis of their final body weight. If, however, they are 
grouped according to their body weight at the beginning, i.e. before the 
restriction of the food intake was started, normal testicular weights are 
obtained. It follows from this that while the body weight is reduced by some 
13% in 5 days in consequence of a diminished food intake, the weight of the 
testes remains practically unchanged. This will, of course, cause a greater 
discrepancy in the case of small rats, where a much larger increase in the weight 
of the testicles corresponds to a given increase in body weight than in the case 
of large rats. This may then explain why the testicular atrophy after hypo- 
physectomy is seemingly less in small rats. We have seen (Table 3) that hypo- 
physectomized rats lose, on an average, 17 g body weight in 5 days. This loss 
of body weight alone would not cause any change in the weight of the testes. 
Yet when these rats are grouped according to their final body weight, the 
testicular weight is found to be below or around the normal value for that 
group. Hence the testicles must have lost weight in all weight groups. 

That no correlation can exist between heart weight and blood pressure is 
apparent from the circumstance that the weight of the heart increases or 
decreases with the body weight, whereas the blood pressure remains constant 
over a wide range of body weights. However, since the possible connexion 
between changes in the size of the heart and particularly of the left ventricle 
and changes in blood pressure, especially if they are brought about by such 
measures as aortic constriction or hypophysectomy is a most important one, 
Fig. 3 was constructed from all the available data as follows. For each 
rat the expected left ventricular weight was calculated from the formula 
§=1-19X + 154 obtained with normal rats, where ¢ represents expected weight 
of the left ventricle and X the body weight of the rat in question. It was then 
calculated how much the actual left ventricular weight differed from this 
expected value and the difference was expressed as a percentage of the expected 
value. This percentage change in left ventricular weight is plotted on the 
ordinate against the actual blood pressure measured (abscissa). Fig. 3 shows 
that there seems to be a correlation between the weight of the left ventricle 
and the blood pressure if all groups are pooled, but that there is in fact no 
correlation between the two becomes apparent if the groups are considered 
separately. After narrowing the aorta both the weight of the left ventricle 
and the blood pressure are above, whereas in hypophysectomized rats they 
are below the normal. That only means that these procedures (aortic narrowing 
and hypophysectomy) affect both cardiac weight and blood pressure. But 
that they vary to a great extent separately from each other is clear from the 
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Fig. 3. The relation between the weight of the left ventricle and the blood pressure. Abscissa: 


blood pressure in mm Hg. Ordinate: deviation of observed left ventricular weight from the 
expected (calculated) weight. © —hypophysectomized rats; X <normal rate; @ =—normal 
rats with aortic constriction. 
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fact that, e.g. in hypophysectomized rats, greatly diminished left ventricular 
weights can be associated sometimes with a great drop and sometimes with 
hardly any change in the blood pressure. Similarly, 5 days after narrowing 
the aortae of normal rats, both large and small increases in the left ventricular 


weights can be associated with either a pronounced hypertension ith 
almost normal blood pressure. 
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Fig. 4. The relation between the weight of the right ventricle and the blood pressure. Abscissa: 
blood pressure in mm Hg. Ordinate: deviation of observed right ventricular weight from 
the expected (calculated) weight. Circled crosses show rats with symptoms of cardiac 
decompensation. 


In Fig. 4, constructed similarly to Fig. 3, the change in the right ventricular 
weight is plotted against blood pressure in rats whose aortae had been 
narrowed. There is a slight negative correlation (r = — 0-35) between the two 
in the sense that the blood pressure rise is relatively small in those rats where 


the weight of the right ventricle had increased. The mechanism of this will be 
discussed briefly. 
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There is also a slight inverse correlation between the degree of left ventricular 
hypertrophy and dry-matter content. Table 4 showed that the dry-matter 
content of hypertrophied hearts is slightly below normal. This observation 
raised the point whether there was any correlation between the degree of 
hypertrophy of the left ventricle and its dry-matter content. The correlation 
coefficient was found to be r= —0-361, showing a slight inverse correlation. 
This means that in cases where a very great increase in the weight of the left 
ventricles took place, these greatly enlarged ventricles contained less dry 
matter than those which were only slightly enlarged. 

No correlation was found to exist between blood pressure and heart- 
weight : body-weight ratio, between the weight of the adrenals and cardiac 
or left ventricular weight or between adrenal weight and blood pressure. 


DISCUSSION 


The linear relationship which has been demonstrated between the weight of 
the whole heart, its various parts and the body weight, for rats of 120-240 g, 
makes it possible to estimate the probable size of the heart for a rat of known 
body weight and to recognize discrepancies between observed and expected 
cardiac weights. 

When the food intake is restricted this linear relationship still holds. This 
is in accordance with the findings of Walter & Addis (1939), but is in contra- 
diction of the author’s earlier finding (Bezn4k, 19524). A few words must be 
said about the discrepancy. In the previous experiments eight rats were pair- 
fed with eight hypophysectomized rats for 5 days. They lost 20 g weight, i.e. 
from 178 to 158 g, and the heart weight was 545 + 13-6 mg. The average body 
weight of the thirty normal rats of that series was 172 g with a cardiac weight 
of 553 + 8-4 mg. In spite of the difference in body weight between the normal 
and pair-fed groups (172 and 158 g) there was no significant difference in the 
cardiac weight of these two groups. It was thus concluded that ‘. . .the quick 
loss of body weight was not at once accompanied by a corresponding loss in 
heart weight’. That this is, however, not the case is borne out by the present 
experiments on rats whose food intake had been restricted to a different 
degree. Having established in this paper the expected weight of the heart for 
rats of different body weights, calculations could be made for the eight rats of 
the former series. Their average initial body weight was 178g, with an 
expected heart weight of 566 mg. Their final body weight was 158 g, with an 
expected heart weight of 529 mg, instead of which we obtained 545 mg, i.e. 
a value lying between the above two and giving no significant difference 
either way. It seems, therefore, that in view of the great variability not only 
is it necessary to use a larger number of rats to reach a correct conclusion, but 
it is also important that these should be spread over a wider range of gl 
weight loss to make a test for regression possible. 
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The existence of a correlation between cardiac and particularly left ven- 
tricular weight and blood pressure was investigated closely. Chanutin & 
Barksdale (1933) found in hypertensive rats (kidney operation) a strong 
positive correlation between the weight of the left ventricle and the width 
of the fibres of the left ventricle, between the blood pressure and the width 
of the fibres of the left ventricle and lastly between the blood pressure and 
the heart-weight : body-surface-area ratio. Though in our experiments both 
cardiac weight and blood pressure increased after aortic narrowing and 
decreased after hypophysectomy, no correlation could be found between the 
two if each group was considered separately. Since no correlation could be 
shown by statistical treatment of our fairly extensive data, if such a relation- 
ship exists the individual differences as to the point where a hypertrophy 
becomes necessary or unavoidable must be very considerable. 

Chanutin & Barksdale (1933) found no correlation between the width of 
the fibres in the right ventricle and the blood pressure. We, on the other hand, 
observed a negative correlation between the weight of the right ventricle and 
_ the blood pressure. The mechanism of this correlation is probably as follows. 
There is no increase in the weight of the right ventricle as long as the left 
ventricle can cope with the increased load due to aortic constriction. In some 
rats, however, whether in consequence of the constriction being too great for 
that individual rat or in consequence of an inherent weakness of the left 
ventricle, the left ventricle soon becomes exhausted resulting in an increased 
load on the right ventricle through the pulmonary circulation, eventually 
leading to decompensation with a drop in blood pressure. That this indeed is 
the case is further emphasized by the clinical appearance of these rats. In 
the rats marked by a circle in Fig. 4, the following symptoms were present; 
dyspnoea, marked subcutaneous oedema particularly visible on the neck, 
pleural transudation, pulmonary oedema and wide carotids. This latter, 
generally observed in hypertensive rats seems to indicate in cases where the 
blood pressure was low, a hypertension prior to the time of the blood pressure 
measurements. 


SUMMARY 


1. In albino rats the regression of the weight of the heart and its different 
parts on body weight (in the range of 120-240 g body weight) can be expressed 
by straight lines. These lines have been calculated by the method of least 
squares and their equations given. 

2. The weight of the heart very closely follows changes in body weight. 
Thus the same cardiac weight corresponds to a given body weight, irrespective 
of whether that body weight was reached during the process of normal 
growth or by losing various amounts of weight from starvation. 

3. Narrowing the descending aorta with a silver ring causes an increase In 
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the size of the heart. The absolute amount of this increase is the same in the 
body weight range 120-240 g; thus, relatively, the hearts of small rats gain 
more weight. This increase is mostly due to an increase in the size of the left 
ventricles, and to a smaller degree, of the atria, the weight of the right 
ventricles remaining practically unchanged. 

4. In hypophysectomized rats all parts of the heart lose wuigt, The loss 
is less in small than in large rats. 

5. Aortic narrowing causes no cardiac enlargement in hypophysectomized 
rats, but the loss of weight—particularly of the left ventricle—due to hypo- 
physectomy is diminished. 

6. All changes in cardiac weight observed apply to both wet and dry 
matter; though hearts which show a great degree of hypertrophy contain 
somewhat less dry matter. 

7. The blood pressure of normal rats from after weaning increases until the 
rats weigh about 100 g, after which a steady level is maintained throughout 
the entire growth period. In 140 rats weighing 120-240 g, this was found to be 
117+1-0 mm Hg. Loss of body weight and a corresponding loss in cardiac 
weight due to a restricted food intake does not influence blood pressure. There 
is a sharp fall in blood pressure after hypophysectomy, the blood pressure 
of ninety-five rats being 83+1-5 mmHg 5 days after hypophysectomy. 
Whereas narrowing the aorta causes a pronounced hypertension in normal 
rats (150 + 1-6 mm Hg), there is no hypertension in hypophysectomized rats 
(106 + 2-7 mm Hg). 

8. No correlation was found between the weight of the heart (or the left 
ventricle) and the blood pressure. Narrowing the aorta and hypophysectomy 
affect both left ventricular weight and blood pressure, but in both cases they 
vary to a great extent independently. 

9. There is a slight negative correlation (r= —0-35) between the weight of 
the right ventricles and the blood pressure. This is presumably due to the 
circumstance that the weight of the right ventricles only increases after left 
ventricular decompensation when the systemic blood pressure is in many cases 
already low. 
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THE RESTORATION OF CARDIAC HYPERTROPHY AND BLOOD 
PRESSURE IN HYPOPHYSECTOMIZED RATS BY LARGE DOSES 
OF LYOPHILIZED ANTERIOR PITUITARY AND GROWTH 
HORMONE 


By MARGARET BEZNAK* 
From the Department of Physiology, University of Birmingham 


(Received 20 August 1953) 


It was found previously (Hajdu & Beznék, 1943, 1945) that the same degree of 
aortic constriction that caused in normal rats a hypertension and a cardiac 
enlargement of 25-30%, in 5 days, had no such effect in hypophysectomized 
rats. The absence of cardiac hypertrophy and hypertension may be due either 
to the lack of some pituitary hormone(s) acting directly on the heart and blood 
vessels, or to the lack of the trophic hormones. Since, however, it was shown 
that—though to a slightly diminished extent—the hearts of both thyroid- 
ectomized (Beznék & Hajdu, 1944, 1946) and adrenalectomized (Beznak, 19525) 
rats hypertrophy after aortic constriction and: the blood pressure increases, 
the secondary endocrine atrophy, due to the lack of the trophic hormones, 
could not explain the total absence of cardiac hypertrophy and hypertension 
in hypophysectomized rats. In the search for the pituitary hormone which 
was necessary for the heart to increase its mass and for the blood pressure to 
rise, the first experiments were directed towards growth hormone since it is 
known to control muscle and visceral growth. It was shown (Beznék, 19522) 
that a daily dose of 0-1 mg of this hormone which practically prevented the 
loss of body weight of hypophysectomized rats, had only a very slight effect 
on the weight of the heart and the blood pressure, and no cardiac enlargement 
or hypertension resulted on aortic narrowing. 

The present paper contains the results of experiments with larger doses of . 
growth hormone and also with a lyophilized anterior pituitary powder (LAP) 
which is known to be rich in growth hormone. The aims of the experiments 
were: 

(1) To observe the effect of these preparations on cardiac weight and blood 
pressure of merely hypophysectomized rats. 


* With a personal grant of the Medical Research Council. Present address: Department of 
Physiology, Medical School, Ottawa, Canada. 
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(2) To ascertain whether the normal degree of cardiac hypertrophy and 


hypertension on aortic narrowing could be restored in hypophysectomized 
rats treated with these large hormone doses. 


METHODS 


Male albino rate weighing 140-180 g were used; they lived in groups of 5-10 and consumed an 
ad lib. diet of rat cakes and water. Hypophysectomy, aortic constriction and blood pressure 
measurements were carried out under ether anaesthesia and the heart and its different parts, as 


well as the endocrines, were weighed as described (Bezndk, 1952a). The blood pressure was 
measured in the carotid and in the femoral artery (Bezndk, 1954<). 

Two preparations were used for treatment: 

LAP, lyophilized beef anterior pituitary powder (Armour), was injected in daily doses of 
5, 25 and 50 mg per rat, the required dose being triturated in 1 ml. saline (0-9% NaC1). 

Growth hormone, preparation GH-3, Armour. Its activity was 40% of the Armour standard 
22KR2. 10 and 25 mg of this powder, corresponding to 4 and 10 mg growth hormone, were given 
per rat per day. A further series receiving 0-5 mg of another growth hormone preparation 
(22KR1, Armour, corresponding in activity to the standard) was included. The required doses 
were given in | ml. saline. 

Both LAP and growth hormone were triturated with saline freshly each day. Whatever the 
dose, it was injected in 1 ml. saline, 0-5 ml. in the morning, 0-5 ml. in the evening, intraperitoneally. 


RESULTS 


Though the values for cardiac weight and blood pressure have been established 
for large series of normal and hypophysectomized animals—both with and 
without aortic constriction (Bezndk, 19544), in the present series new controls 
were also included. This was done to establish whether the control animals 
under the conditions of this experiment reacted in the same way as the 
controls used previously. 

Fig. 1 shows the results concerning the wet (white columns) and dry (black 
columns) weight of the heart. Since it has been shown that changes in body 
weight were closely followed by changes in cardiac weight and that, therefore, 
the cardiac weights must be corrected for the body weight, the value for 
cardiac weight found in these experiments was compared with the one 
expected for each rat. This was taken as 100, and the changes of the observed 
values from the expected are shown on the ordinate. Expected values were 
calculated for each rat from the formula obtained previously: 7 = 1-88X +232 
(where § = expected cardiac weight in mg and X = body weight in g). The dots 
in each column give the individual data, thus the range of variation in each 
group can easily be seen. 

Owing to lack of material, it was not possible to do all control series, i.e. to 
inject normal rats with the same doses of hormones used in hypophysectomized 
rats. A few such controls were, however, included with the largest dose of 
LAP (50 mg/rat/day) used in these experiments. 
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Fig. 1 illustrates the following points: 

(a) The values of cardiac weight found in normal rats of this series agree 
well with the values expected for these rats when calculated from the above 
equation. 
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Fig. 1. Changes in the weight of the heart in normal and hypophysectomized rats treated with 
different doses of LAP and growth hormone. Expected cardiac weight calculated from the 
formula § = 1-88X +232, where 7 —expected cardiac weight in mg, and X = body weight in g. 
This value was taken as 100 and the difference between observed and calculated cardiac 
weight plotted on the ordinate accordingly. Each dot represents one individual value. 


(6) 50 mg LAP caused only a negligible change in the weight of the heart of 
normal rats, Narrowing the aorta with a silver ring of 0-8 mm diameter caused 
a 26% increase in the weight of the heart. After injecting with 50 mg LAP 
this increase was even greater, namely 43%. No special significance 1s 
attached to this extra effect of LAP; it may be a chance result due to one rat 
showing ‘an extreme degree of cardiac hypertrophy. 
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(c) The cardiac weight of hypophysectomized rats was 12°, below normal. 
Treatment with 5, 25 and 50 mg LAP progressively diminished this atrophy. 

(d) Treatment with 0-5, 4 and 10 mg growth hormone increased the cardiac 
weight of hypophysectomized rats. Cardiac atrophy was abolished with 
4 mg growth hormone and with 10 mg growth hormone the weight of the 
heart was 11% above normal. 

(e) Narrowing the aortae of hypophysectomized rats caused no cardiac 
hypertrophy. The weight of the heart of such rats was—as shown previously — 
above the level for rats that had been merely hypophysectomized, but still 
below the normal. oe 

(f) Treatment with increasing doses of LAP and growth hormone pro- 
gressively restored cardiac hypertrophy in hypophysectomized rats with 
aortic constriction to the level seen in normal rats on similar aortic narrowing. 

(g) The conclusion is reached that 50 mg LAP or 4-10 mg growth hormone 
(per rat per day) totally prevents the decrease in cardiac weight and blood 
pressure otherwise occurring after hypophysectomy, and restores cardiac 
hypertrophy to the usual level in the case where the aortae of such rats were 
narrowed. 

Fig. 2 gives the blood-pressure values of these groups, measured in the 
carotid artery. The changes in blood pressure are roughly parallel to those 
shown in Fig. 1 for the weight of the heart. Increasing doses of LAP and 
growth hormone progressively restore the blood pressure of hypophysectomized 
rats towards normal, growth hormone being the more effective. As in the case 
of the weight of the heart the blood pressure of hypophysectomized rats, 
whose aortae had been narrowed, was below the normal level, but above the 
level for hypophysectomized rats, With increasing doses of LAP and growth 
hormone, however, there was a progressive increase in hypertension. The 
degree of hypertension seen in normal rats on aortic constriction, was reached 
in hypophysectomized, similarly ‘narrowed’ rats receiving 25 mg LAP or 
10 mg growth hormone. With 50 mg LAP, however, there was a drop in the 
blood pressure, i.e. the blood pressure was lower than in the group receiving 
only 25 mg LAP. The exact reason for this is not known. From the very wide 
carotids of the rats (generally seen in connexion with hypertension) it seemed 
that a period of high blood pressure had preceded the time when the blood 
pressure was measured and found to be low. Also, out of the seven hypo- 
physectomized rats with aortic narrowing receiving 50 mg LAP, three showed 
signs of decompensation (dyspnoea, subcutaneous and lung oedema and 
pleural transudation), whereas none of the eleven similar rats treated with 
10 mg growth hormone did. Of the fifteen normal rats whose aortae were 
constricted to the same extent, only one showed signs of severe and one of 
beginning decompensation. Though only four normal rats with aortic nar- 


rowing were treated with 50 mg LAP, it may be important to note that one 
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of the four showed severe decompensation with low blood pressure, whereas 
there was a very pronounced hypertension in the other three. 

Table 1 gives the average blood pressures in the carotid and the femoral 
arteries for the groups with aortic constriction. The normal blood pressure, the 
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Fig. 2. Blood pressure in mm Hg (ordinate) measured in the carotids of normal and hypo- 
physectomized rate treated with different doses of LAP and growth hormone. Each dot 
represents one measurement. 


extent of hypertension on aortic narrowing and the drop of blood pressure 
after hypophysectomy are of the same extent as those found previously. There 
are, however, two points of interest in connexion with the table: 

(1) 50 mg LAP given to normal rats with aortic narrowing increases not 
only the carotid but also the femoral blood pressure (i.e. the blood pressure 
below the stricture), whereas with the same LAP dose given to hypo- 
physectomized rats with aortic narrowing, the blood pressure is low. 

(2) None of the LAP and growth hormone doses used seem to be able to 
raise the femoral blood pressure of hypophysectomized rats with aortic 
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TaBLE 1. Blood pressure in mm Hg in the carotid and femoral arteries 
X =mean value; s.z. XY —standard error of the mean; hyptomy = hypophysectomy ; 


=number of rate. 
Blood pressure in mm Hg 
Carotid emoral 
Groups n Xis.n. X +6.2. X 

Normal 12 121+ 22 109+ 2-2 
Normal +50 mg LAP 8 123+ 3-2 110+3-1 
Normal + 15 150+ 41 118+2°8 
Normal + narro +50 mg LAP 4 161+16-7 132+2-6 
Hyptomy + 10 1014+ 34 80+3-9 
Hyptomy +narrowing +5 mg LAP 128+ 8-6 99+6-0 
Hyptomy + narrowing + 25 mg LAP 15 150+ 48 1038 44-4 
Hyptomy + narrowing +50 mg LAP 121+ 10-2 91481 
Hyptomy +narrowing + 0-5 mg growth hormone 6 1156+ 65 93 + 6-7 
Hyptomy + narrowing + 4 mg growth hormone 12 137+ 58 96+5-1 
Hyptomy + narrowing +10 mg growth hormone ll 1514 47 104+46-5 


constriction to the level seen in normal rats on the same aortic narrowing, 
though the normal degree of hypertension was reached in the carotid. 

Since the effects of LAP and growth hormone are very similar, the question 
arose whether the action of LAP could satisfactorily be explained by its 
growth hormone content alone, or whether the presence of some other active 
principle had to be considered. No direct determination on the growth 
hormone content of the LAP preparation used was available. According to 
F. G. Young (personal communication), crude anterior pituitary preparations 
generally contain some 15% growth hormone. Fig. 3 was accordingly con- 
structed by plotting this growth hormone content for the LAP. The circles 
show the experiments with growth hormone, the black dots those with LAP, 
the thick lines giving values for the groups without, and the thin lines for the 
groups with aortic constriction. Fig. 3 illustrates the following points: 

(a) In all cases, except that of the right ventricles, the lines fall into two 
distinct categories: the values for hypophysectomized rats without aortic 
constriction (be they treated with LAP or growth hormone) always fall below 
those of rats which were exactly comparable except that the aortae had also 
been narrowed. This means that in hypophysectomized rats treated with 
increasing doses of LAP or growth hormone, the weight of the heart and all 
its parts is progressively restored to the normal level. The same doses of LAP 
and growth hormone, however, also allow the heart to hypertrophy if the 
aortae had been narrowed. 

(b) The effect of LAP on the weight of the heart on the basis of its 15% 
growth hormone content, is below that obtained with a similar dose of 
growth hormone. 

(c) The lines obtained with LAP when plotted on a log. dose scale Tun 
parallel, as far as one can judge from the available data, to those obtained 
with growth hormone. This favours the conclusion that the effect of LAP on 
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cardiac weight can be explained by its growth hormone content, which was, 
however, probably less than 15% in this case. 

Table 2 shows the weights of the adrenals and thyroids of the groups 
investigated. It is clear from the figures that LAP causes an adrenal hyper- 
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Fig. 3. Percentage changes in the weight of the heart and its different parts in hypophysectomized 
rats treated with LAP and growth hormone. Abscissae: amount of growth hormone (or 
LAP in terms of growth hormone) injected in mg. Ordinates: percentage change in the wet 
weight of the heart, atria, left and right ventricles. Circles = growth hormone, black 
dots=LAP, the amount of growth hormone being calculated on an assumed 15% growth 
hormone content. Thick lines =hypophysectomized rats. Thin lines =hypophysect mized 

rats with aortic constriction. 
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TaBiex 2. The weight of the adrenals and thyroids in mg 
n=number of rate; X —mean value; —standard error of the mean; 
hyptomy 


hypophysectomy. 
yroids 

Groups n +s.n. X 
Normal 12 34-54 1-33 10-5+0-46 
Normal +50 mg LAP 8 49-9 + 2-23 11-24+1-26 
Normal + narrowing 15 42-04 2-30 10-840-59 
Normal + narrowing +50 mg LAP 4 58-5+44-10 9-7+0-64 
Hypophysectomy 10 19-94+0-94 8-540-42 
Hypophysectomy +5 mg LAP 7 29-3 + 1-46 10-2+0-57 
Hypophysectomy +25 mg LAP 6 36-6+1-11 10-56 +0-64 
H ysectomy +50 mg LAP 9 40-4+ 1-46 9-9+0-47 
Hypophysectomy + 0-5 mg growth hormone 7 23-4+ 1-08 9-7 
Hypophysectomy +4 mg growth hormone 6 31-541-14 11-840-74 
Hypophysectomy +10 mg growth hormone 7 39-1 +4 2-36 13-24 1-06 
Hyptomy + narrowing 10 20-6+0-70 8620-45 
Hyptomy + narrowing +5 mg LAP 7 29-44 2-64 10-140-77 
Hyptomy + narrowing +25 mg LAP 15 42-94 1-55 11-5+0-32 
Hyptomy + narrowing +50 mg LAP 7 45-1+43-93 9-6+0-48 
Hyptomy + narrowing +0-5 mg growth hormone 6 23-140-51 10-3 + 0-64 
Hyptomy +narrowing +4 mg growth hormone 12 32-9+0-79 9-1+0-30 
Hyptomy +narrowing +10 mg growth hormone 11 37-1+1-44 10-6 +0-48 


trophy in normal rats and in hypophysectomized rats restores the weight of 
the adrenals to the normal level or even, in larger doses, produces a hyper- 
trophy. The growth hormone preparation used also has an effect on the 
adrenals; it prevents adrenal atrophy after hypophysectomy. Both LAP and 
growth hormone seem to have some thyrotrophic activity, since normal 
thyroid weights were found in hypophysectomized rats treated with these. 
hormones. 


DISCUSSION 


The experiments described in this paper prove that growth hormone was able 
to restore the weight of the heart and the blood pressure of hypophysectomized 
rats to normal. After narrowing of the aortae, the hearts of hypophysectomized 
rats treated with growth hormone show the same degree of cardiac hyper- 
trophy and the same level of hypertension as were observed in normal rats 
on similar aortic narrowing, whereas there was no cardiac enlargement and 
no hypertension in untreated hypophysectomized rats. It is concluded, there- 
fore, that growth hormone is necessary to keep the size of the heart and the 
blood pressure at normal levels and to enable them to increase on aortic 
constriction. However, while a certain level of growth hormone is indispensable, 
it is not the only factor that regulates these reactions. In the present experi- 
ments hypophysectomized rats which had no endogenous source of growth 
hormone were injected with known amounts of this principle. To each growth 
hormone dose a given level of blood pressure and cardiac weight corresponded, 
both increasing with increasing growth hormone doses. It may be assumed 
that given identical doses, the same growth hormone level was reached in 
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hypophysectomized rats whether their aortae were narrowed or not. In spite 
of this, at equal growth hormone doses, the weight of the heart and the blood 
pressure were much greater in groups with narrowed aortae than in merely 
hypophysectomized groups. In normal rats, aortic constriction causes cardiac 
hypertrophy and hypertension. Knowing that growth hormone is indispensable 
for these changes to take place, one can still conceive of different mechanisms 
by which they are produced: stretching of the heart muscle cells may in some 
way affect the pituitary, leading to secretion of more growth hormone, thus 
causing hypertrophy and hypertension; or else stretched heart muscle cells 
may react to the same growth hormone level differently or may have access to 
more growth hormone through an increase in coronary blood flow. This cannot 
be decided with normal rats, since we cannot control pituitary secretion. The 
experiments on hypophysectomized rats presented in this publication, how- 
ever, seem to indicate that when the need for cardiae hypertrophy arises, it 
may take place without an increased growth hormone secretion, by the heart 
muscle cells getting more of the available growth hormone or making a greater 
or better use of it. A certain small adjustment takes place even in hypo- 
physectomized untreated rats, since both cardiac weight and blood pressure 
are slightly higher in such rats after aortic narrowing. The greater the growth 
hormone dose injected into hypophysectomized rats, the greater the difference 
in cardiac weight and blood pressure between merely hypophysectomized rats 
and such rats after aortic constriction. 

The hypothesis is advanced that the size of the heart depends on at least 
two variables: the growth hormone level on the one hand, and the load on the 
other hand, which determines to what extent the heart hypertrophies within 
the limits set by the existing growth hormone level. This may explain the 
lack of correlation between cardiac weight and blood pressure. It was found 
previously (Beznak, 1954a), that no correlation existed between the size of the 
heart (the left ventricle) and the blood pressure either in normal rats with 
aortic constriction or in hypophysectomized rats. Similarly, in the present 


experiments, though on the average both the weight of the heart and the - 


blood pressure of hypophysectomized rats increased with increasing doses of 
growth hormone, in any one group of similarly treated rats there was no 
correlation between the two. In other words, there were rats in which the 
weight of the heart was restored to normal and yet the blood pressure was 
relatively low and vice versa. 

Regarding the effect of LAP on the wea of the heart, the experiments 
seem to indicate that this can be explained by its growth hormone content. 
However, that some other principle was also active in the LAP—not present 
in the growth hormone preparation—was shown by the drop of blood pressure 
accompanied by other signs of decompensation, observed in hypophysec- 
tomized rats with aortic narrowing, treated with the largest (50 mg) dose of 
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LAP. It is known (Selye, 1944, 1946) that LAP produces pathological 
changes in the cardiovascular system of rats. Selye (1951), however, was able 
to produce similar symptoms with electrophoretically pure somatotrophic 
hormone. In our experiments, on the other hand, in hypophysectomized 
rats decompensation only occurred on aortic narrowing in rats treated with 
LAP but not with growth hormone. The mechanism by which LAP causes 
decompensation will be studied later. 

Finally, it must be clearly stated that the growth hormone preparation used 
in most of these experiments was not a very pure preparation (e.g. its growth 
hormone activity was only 40% of the Armour standard). Table 2 showed 
that it prevented the atrophy of the adrenals in hypophysectomized rats. This 
points to the presence of at least ACTH because, though electrophoretically 
pure somatotrophic hormone causes adrenal hypertrophy in normal rats 
(Selye, 1951), it does not maintain adrenal weight in hypophysectomized rats 
(Simpson, Evans & Li, 1949). It seems unlikely, however, that the presence 
of ACTH in the growth hormone preparation was responsible for its effect on 
the cardiac weight and blood pressure of hypophysectomized rats, since we 
were unable to influence these with a dose of ACTH that completely prevented 
adrenal atrophy (Beznék, 19526) and ACTH did not increase the effect of 
small doses of growth hormone (Bezn4ék, 19546). However, further experi- 
ments with different purified growth hormone preparations will have to be 
carried out before it can be safely asserted that the effects described are all due 
to growth hormone alone. | 


SUMMARY 

1. The blood pressure and cardiac weight of hypophysectomized rats treated 
with 5, 25 and 50 mg LAP or 0-5, 4 and 10-mg growth hormone, are restored 
towards normal or slightly above normal levels according to the dose. 

2. Whereas there is no cardiac enlargement or hypertension after aortic 
narrowing in untreated hypophysectomized rats, these changes develop to 
the extent seen in normal rats on similar aortic constriction when hypo- 
physectomized rats are treated with larger doses of the above hormones. 

3. The effect of LAP on the weight of the heart can be explained by its 
growth hormone content. But from the drop of blood pressure and the 
greater incidence of decompensation occurring in hypophysectomized rats 
treated with 50 mg LAP after aortic narrowing, it is possible that LAP also 
has some deleterious actions, which growth hormone has not. 

4. If hypophysectomized rats are injected with a given dose of LAP or 
growth hormone, the cardiac enlargement and hypertension at the same 
growth hormone level are much larger if the aortae have also been narrowed. 

5. It is concluded that the size of the heart—though influenced by the 
growth hormone level—is regulated by some other mechanism which deter- 
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mines the extent of the hypertrophy within the limits of the existing growth 
hormone level. 


My thanks are due to the Medical Research Council for a grant which defrayed part of the 
expenses of the work. 
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THE EFFECT OF ADRENOCORTICAL HORMONES ALONE AND 

IN COMBINATION WITH GROWTH HORMONE ON CARDIAC 

HYPERTROPHY AND BLOOD PRESSURE OF HYPOPHYSEC- 
TOMIZED RATS 


By MARGARET BEZNAK* ‘ 
From the Department of Physiology, University of Birmingham 
(Received 20 August 1953) 


There is no cardiac hypertrophy or hypertension in hypophysectomized rats 
after narrowing of their descending aortae (Hajdu & Beznék, 1943, 1945). 
ACTH, in a dose that completely prevented the atrophy of the adrenals due 
to hypophysectomy, had no influence on the cardiac weight and blood pressure 
of such rats (Beznak, 195256). Treatment with growth hormone, on the other 
hand, completely restored the cardiac weight and blood pressure of hypo- 
physectomized rats to normal and on aortic narrowing the same degree of 
cardiac hypertrophy and hypertension resulted as in normal rats (Bezn4k, 
19546). For this, however, very large daily doses of growth hormone (4-10 mg 
in terms of Armour standard 22KR2) were necessary. The question arose 
whether some other hormones, notably the adrenocortical and thyroid hor- 
mones, could potentiate the effect of growth hormone. The thyroids and 
adrenals are not indispensable for the production of cardiac hypertrophy and 
hypertension because cardiac hypertrophy and hypertension take place in 
thyroidectomized (Bezn4k & Hajdu, 1944, 1946) as well as in adrenalectomized 
rats on aortic narrowing (Bezndk, 1952). Hay (1946) observed that lyo- 
philized anterior pituitary (LAP) caused an increase in the weight of the 
kidneys and the heart in normal and in thyroidectomized rats. Yet that these 
hormones may have some effect was shown by the circumstance that both 
cardiac hypertrophy and hypertension—though present—were somewhat 
smaller in thyroidectomized and adrenalectomized rats than in normal rats 
on similar aortic constriction. It is known that the thyroids influence growth 
hormone secretion and the reaction of the tissues to growth hormone (Schwann, 
1939; Hay, 1946). Regarding the adrenals, Selye (1951) showed that the 

* With a personal grant of the Medical Research Council. Present address: Department of 
Physiology, Medical School, Ottawa, Canada. 
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action of large doses of growth hormone (causing pathological changes in 
many organs including the heart) was more pronounced if the rats received 
desoxycorticosterone-acetate (DOCA) simultaneously. Selye’s experiments 
were, however, performed not on hypophysectomized but on unilaterally 
nephrectomized rats receiving salt and large doses of hormones. Therefore the 
existence of a synergism between these hormones in physiological doses (i.e. 
doses which in hypophysectomized rats prevented loss of body weight in the 
case of growth hormone or adrenal atrophy in the case of ACTH) cannot be 
deduced. 

In the present paper experiments are described in which hypophysectomized 
rats received a combination of growth hormone and ACTH or DOCA or 
cortisone. The effect of this treatment on cardiac weight, cardiac hypertrophy 
and blood pressure was compared with that obtained on administering each 
hormone separately. The study of the action of DOCA, cortisone and ACTH 
in themselves was included partly as controls for the above experiments, and 
partly for the following reasons. Braun-Menendez & Foglia (1944) found they 
could restore the blood pressure, and Anderson, Page, Li & Ogden (1944) 
could restore renal hypertension in hypophysectomized rats to the pre- 
hypophysectomy level by ACTH. On the other hand, no change in the blood 
pressure of hypophysectomized rats, when they were given 0-5 mg ACTH 
daily, was found by Bezn&k (19525), though this dose completely prevented 
the atrophy of the adrenals. That DOCA can partially restore the blood 
pressure of hypophysectomized rats is known (Leathem & Drill, 1944; Braun- 
Menendez & Foglia, 1944; Page, Ogden & Anderson, 1946). Experiments 
were performed, therefore, to see if by raising the dose of DOCA complete 
restoration of the blood pressure was possible. The effect of cortisone on blood 
pressure and cardiac weight was also observed and compared with that of 
DOCA and ACTH. 

In this experimental series the dose of growth hormone was kept constant. 
The dose selected was 0-5 mg per rat per day, since it was shown in the 
previous communication that this was the quantity with which the effect of 
growth hormone on the weight of the heart and the blood pressure of hypo- 
physectomized rats just became noticeable. It was thought, therefore, that if 
any of the hormones investigated had a potentiating effect, this might be 
most apparent at this low hormone level. 


METHODS 


All experiments were performed on male albino rats. The animals lived in groups of 5-10 and 
were given an ad lib. diet of rat cakes and water. All operations were performed under ether 
anaesthesia. The descending aortae were narrowed as described previously (Bezndk, 19522). In 
those rats, which were also hypophysectomized, this was done at the same time as the narrowing. 
Five days later the rats were anaesthetized with ether, weighed and their blood pressure measured 
in the left carotid and the right femoral arteries. The rate were then killed by clamping the 
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trachea and the heart and endocrines were removed and weighed, the heart being divided into 
atria, right and left ventricular walls and septum as described previously (Bezndk, 19524). The 
table contains the data of those rats only in which hypophysectomy was found to be complete 
by the macroscopic examination of the sella and by the atrophy of the endocrines. 

The following hormone preparations were used. 

Growth hormone, Armour 22KR1, equivalent in potency to the Armour standard 22KR2, 
triturated with physiological saline (0-9% NaCl), in one daily dose of 0-5 mg in 0-5 ml. saline. 

ACTH, Armour, equivalent in potency to the Armour standard, triturated with physiological 
saline. 1 ml. containing 1 mg ACTH was given per day in three doses: 0-25 ml. in the morning 
and at noon and 0-5 ml. in the evening. 

Both growth hormone and ACTH were made up freshly each day, the ACTH solution being 
kept in the refrigerator between injections. 

Cortisone. Cortisone acetate, Merck ; 5 mg was given in two daily doses (0-1 ml. =2-5 mg in the 
morning and in the evening). 

DOCA, Cortiron, British Schering; 1 mg in 0-1 ml., 2 mg in 0-2 ml., 5 mg in 0-5 ml. and 10 mg 
in 1 ml. oil were given once per day. 

All injections were given intraperitoneally. When a rat received two hormone preparations, they 
were given separately into the two sides of the abdomen. 


RESULTS 


It was shown earlier that changes in body weight were very closely followed 
by changes in cardiac weight. Thus, whether the administration of hormones 
had any effect on the weight of the heart could only be ascertained by com- 
paring the cardiac weight of the rat in question with the cardiac weight that 
would be expected in a normal rat of similar body weight. 

The regression of heart weight on body weight in normal rats has been established (Beznak 
1954a). Fig. 1 is accordingly constructed as follows. The expected cardiac weight of each rat 
was caloulated from the equation §=1-88X +232 derived earlier (where 9 —expected cardiac 
weight in mg and X = body weight in g). This was then taken as 100 and the deviation of the 
actually observed cardiac weight from this expected (calculated) value was plotted on the 
ordinate, The dots in the columns give the individual data; thus the range of variation in each 
group can easily be seen. 

The following conclusions can be reached from Fig. 1: 

(a) Confirming earlier results narrowing of the aortae causes a 28 % cardiac 
hypertrophy. After hypophysectomy the weight of the heart decreases by 
13% in 5 days. Narrowing the aortae of hypophysectomized rats causes no 
cardiac hypertrophy but somewhat diminishes the loss of cardiac weight 
(10% instead of 13%). 

(b) Treatment of hypophysectomized rats with a daily dose of 1 mg ACTH 
or 5 mg cortisone has practically no influence on the loss of cardiac weight 
due to hypophysectomy, nor is there a cardiac hypertrophy when the aortae 
of such treated hypophysectomized rats are narrowed. 

(c) While 1-2 mg DOCA per day has no influence on the weight of the heart 
of hypophysectomized rats, larger doses (5-10 mg) diminish cardiac atrophy. 

(d) As was also shown in the previous communication (Beznik, 19545) 
0-5 mg growth hormone just had a slight effect in diminishing cardiac atrophy. 
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(e) A combination of this dose of growth hormone with 1 mg ACTH, 
5 mg cortisone or 1 mg DOCA had no greater effect than had the growth 
hormone itself. The conclusion seems warranted that these hormones do not 
potentiate the effect of growth hormone on the weight of the heart of hypo- 
physectomized rats in the doses investigated. 


80 


Fig. 1. Changes in the weight of the heart in the different groups. The expected cardiac weight 
calculated from the formula # = 1-88X +232 (where 7 =expected cardiac weight in mg and 
X = body weight in g) is taken as 100 and changes in the observed cardiac weights are plotted 
accordingly on the ordinate. Each dot represents the weight of the heart of one rat. 


(f) Regarding the effect of these hormone combinations on the weight of 
the heart of hypophysectomized rats after aortic narrowing, it is apparent 
from the figure that none of these treatments was able to restore cardiac 
hypertrophy. The last column in the figure is taken from the previous com- 
munication (Beznaék, 19546) and shows that a daily dose of 4 mg growth 
hormone, on the other hand, completely restored. cardiac hypertrophy of 
hypophysectomized rats to the level seen in normal rats after the same degree of 
aortic constriction. ACTH does not increase the effect of 0-5 mg growth hormone. 
The slight increase obtained with a combination of 5 mg cortisone +0-5 mg 
growth hormone or of 1 mg DOCA+0:5 mg growth hormone is also not 
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significant, but the possibility that such a synergism may exist—especially 
with larger doses—cannot be ruled out, since many of the individual data lie 
in the upper range of those obtained with 0-5 mg growth hormone alone. 
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Fig. 2 shows the blood pressures measured in the carotid. It can be seen 
that the results are to a great extent similar to those described in connexion 
with Fig. 1 for the weight of the heart. A notable exception is the effect of 
} increasing doses of DOCA. In accordance with Leathem & Drill (1944) and 
Page et al. (1946) we observed a partial restoration, but the rise of blood 
pressure in hypophysectomized rats obtained with a daily dose of 1 mg DOCA 
4 _—«~was not further increased by raising the amount of DOCA to 10 mg. Normal 
| blood pressure values were never attained. 

Table 1 gives the average blood pressure of groups with narrowed aortae 
’ measured above (carotid) and below (femoral) the stricture. In accordance 
with earlier findings the blood pressure of normal rats with aortic narrowing 
is increased both in the carotid and in the femoral arteries, more so in the 
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TaBxz 1. Blood pressure in mm Hg 
X —mean; 8.x, X =standard error of mean. 


Blood pressure in mm Hg 
No.of Carotid emoral 
Groups of rats Xis.x.X 
Normal 9. 118+2-4 110+2-9 
Normal + narrowed 12 
Hypophysectomized 10 81+2- +2-7 
Hypophysectomized + narrowed ll 102441 7843-0 
Hypophysectomized + narrowed + 1 mg ACTH 13 111445 90+ 5-0 
Hypophysectomized + narrowed + 5 mg cortisone 7 107448 86+ 2-9 
Hypophysectomized + narrowed + 1 mg DOCA 8 113463 77461 
Hypophysectomized + narrowed + 0-5 growth 6 112453 96+ 4-2 
hormone 
Hypophysectomized + narrowed + 0-5 mg growth 8 123445 102+5-8 
hormone + 1 mg ACTH 
Hypophysectomized + narrowed + 0-5 mg growth 9 116+6-4 9245-3 
hormone + 5 mg cortisone 
Hypophysectomized + narrowed + 0-5 mg growth 6 126+3-5 9343-1 


hormone + 1 mg DOCA 


former than in the latter. In hypophysectomized rats whose aortae were 
narrowed there is an increase in the carotid blood pressure as compared with 
the level in rats that were merely hypophysectomized. Though there is no 
significant increase in the femoral pressure, it is certainly not lower than it 
was before the narrowing. In most groups treated with hormones where the 


increase in the carotid pressure is significant, the femoral pressure is also . 


increased, particularly in the groups receiving growth hormone or a combina- 
tion of growth hormone with one of the adrenocortical hormones. Whereas 
the carotid blood pressure of treated hypophysectomized rats with aortic 
constriction reaches in some cases the normal level, the femoral pressure 
remains in all instances below that. 


DISCUSSION 
In accordance with my earlier results (Bezn4k, 19525) and in contradiction 
with Braun-Menendez & Foglia (1944), as well as Anderson et al, (1944), I not 
only was unable to raise the blood pressure of hypophysectomized rats to pre- 
hypophysectomy level, but could not even obtain a partial restoration with 
ACTH. The dose of ACTH was 1 mg per rat per day and completely prevented 
the atrophy of the adrenals. 

DOCA partially restored the blood pressure of hypophysectomized rats, 
but complete restoration was not obtained even with doses as high as 10 mg 
per rat per day. It is interesting to note that the loss of cardiac weight due 
to hypophysectomy is diminished with increasing doses of DOCA, whereas 
there is only a partial restoration of the blood pressure of such rats, and the 
blood pressure reached with 1 mg DOCA is not further increased by a tenfold 
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(f) 0-5 mg growth hormone +5 mg cortisone, (g) 0-5 mg growth hormone + 1 mg 
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increase in the DOCA dose. The effect of DOCA is, therefore, different from 
the one observed with increasing doses of growth hormone (Bezn4k, 19546). In 
the latter case increasing the dose of growth hormone progressively restored 
both cardiac weight and blood pressure of hypophysectomized rats. Darrow 
& Miller (1942) and Selye (1946, 1951) produced lesions in the cardiovascular 
system of rats by repeated injections of DOCA. Though Selye & Hall (1946) 
found that desoxocortisone administered to hypophysectomized animals 
causes slight or no morphological lesions in the cardiovascular system, histo- 
logical examinations will be needed to show whether a qualitative difference 
exists between the hearts of hypophysectomized rats treated with DOCA or 
growth hormone. 

That no synergism or sensitization could be firmly established between 
growth hormone and the adrenocortical hormones in respect to their action on 
cardiac weight, cardiac hypertrophy and blood pressure of hypophysectomized 
rats, is not necessarily in contradiction with the results of Selye (1951) and 
Masson, Corcoran & Page (1949). The dose used by these authors greatly 
exceeded ours and their experiments, besides lasting for a longer time, were 
done, not on hypophysectomized, but on unilaterally nephrectomized rats 
receiving saline. Moreover, our experiments do not exclude the possibility of 
the existence of such a synergism for the following reasons. It has been shown 
(Beznék, 19546) that the weight of the heart of hypophysectomized rats, 
though a function of the dose of growth hormone injected, was much greater 


_ at the same growth hormone level when the aorta was narrowed than when 


it was not. The conclusion was reached that the heart had a greater access to 
or made more use of the existing growth hormone supply when the load was 
increased. Therefore a possible synergism might be expected to become more 
apparent in hypophysectomized rats with aortic constriction. Indeed, in 
merely hypophysectomized rats the combination of growth hormone with the 
different adrenocortical hormones certainly had no greater effect than the 
growth hormone itself, whereas in hypophysectomized rats after aortic nar- 
rowing there was a tendency for an increased effect especially when growth 
hormone was combined with DOCA. It may be that in the present experi- 
ments the growth hormone dose used was too low for this action to become 
clearly visible and, therefore, further experiments with larger growth hormone 
doses will have to be carried out. 


SUMMARY 
1. Hypophysectomized rats received for 5 days (per rat per day) the 
following treatment: (a) 0-5 mg growth hormone, (b) 1 mg ACTH, (c) 5 mg 
cortisone, (d) 1-10 mg DOCA, (e) 0-5 mg growth hormone+1 mg ACTH, 
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DOCA. These treatments were given both to merely hypophysectomized rats 
and to hypophysectomized rats whose aortae were also narrowed. 

2. In hypophysectomized rats the weight of the heart was 13% below 
normal and the blood pressure fell from 118 to 81 mm Hg. ACTH and cortisone 
had no influence on either heart weight or blood pressure. 

3. Increasing doses of DOCA restored the weight of the heart of hypo- 
physectomized rats to very nearly normal level, but the blood pressure was 
only partially restored and no normal blood pressure values were obtained even 
in hypophysectomized rats treated with 10 mg DOCA. 

4, The threshold dose of growth hormone is about 0-5 mg. The combination 
of this dose with adrenocortical hormones does not seem to have a greater 
effect than growth hormone itself. 

5. The same aortic constriction that resulted in a cardiac weight increase 
of 28% and a rise in carotid blood pressure of 41 mm Hg in normal rats caused 
no cardiac hypertrophy and hypertension in hypophysectomized rats, though 
the decrease in the weight of the heart and blood pressure was smaller than 
that occurring in merely hypophysectomized rats. The largest hearts and 
highest blood pressures of such rats were observed in groups receiving a com- 
bination of growth hormone and one of the adrenocortical hormones, par- 
ticularly DOCA. In no group, however, did either the weight of the heart or 
the blood pressure rise significantly above the normal value; i.e. none of 


these treatments was able to restore cardiac hypertrophy in hypophysectomized 
rats. 
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EFFECTS OF STRETCH ON SINGLE MYELINATED 
NERVE FIBRES 


By J. A. B. GRAY* anp J. M. RITCHIE 
From the National Institute for Medical Research, Mill Hill, London, N.W.7 


(Received 3 September 1953) 


Impulses from those sensory receptors which respond to mechanical stimula- 
tion are probably initiated by some distortion of the terminations of the sensory 
axons (Katz, 1950; Gray & Sato, 1953). Furthermore, it appears possible that 
in some receptors, e.g. muscle spindles and Pacinian corpuscles (Adrian & 
Umrath, 1929), this distortion takes the form of stretching the axon. One ex- 
planation of the mechanism of such sensory receptors could be that the axon 
membrane of the sensory terminals is the same as that at other points on the 
axon, but that at the nerve ending the membrane is held under a suitable initial 
tension so that any movement stretches the nerve membrane. The nerve trunk, 
on the other hand, is’ well protected against stretch because the fibres zig-zag 
inside a strong connective tissue sheath; Schneider (1952) estimates that the 
length of a nerve trunk must be increased by more than 50%, before the nerve 
fibres begin to stretch. If the axon membrane at sensory terminals and at other 
points on the axon are the same, stretching a node of Ranvier held under a 
suitable initial tension might have a result similar to stretching a sensory 
receptor. 

In the experiments described in the first section of the Results, single nodes 
of Ranvier held under varying degrees of tension were subjected to rapid 
stretching. These experiments were, for technical reasons, done on motor fibres; 
however, as the results were entirely negative, a few experiments on sensory 
fibres were attempted, but it was unfortunately not possible to get any results 
before the work had to be stopped. 

During the course of these experiments changes in the conducted impulse 
were noticed. These changes were associated with the length to which an axon 
had been stretched and some experiments designed to investigate these changes 
are reported. 


* Present address: Department of Physiology, University College, London. 
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METHODS 


Preparation. Single motor nerve fibres were isolated from the nerve supplying the gastrocnemius 
of the frog (Rana temporaria). The technique used was essentially similar to that described by 
Tasaki (1939) and St&émpfii (1946). The sheath of the sural nerve was slit from a point just peri- 
pheral to the junction of one of the branches to gastrocnemius for about 1 cm in a central direction. 
The sheath was divided and stripped from the nerve, part at least being stripped peripherally. 
A suitable fibre was chosen in the branch to gastrocnemius and all other fibres cut. The fibres of 
the sural nerve, together with the unwanted fibres of the nerve to gastrocnemius, were separated 
until at least two nodes of Ranvier on the single fibre were exposed. The final preparation appeared 
as in Fig. 1. 


X 


Fig. 1. Diagram of apparatus. a, a’, central and peripheral pools; b, petroleum jelly barrier; Z,, 
B,, Ag/AgCl electrodes; F, screw forceps holding nerve sheath; @, gap in Perspex; H, glass 
hook; L, lever; n, nodes of Ranvier; P, platinum stimulating electrodes; 8, screw for moving 
stage in relation to fixed lever; X, point struck by Lucas pendulum; Y, point at which screw 
forceps are applied while hook is tied in. 


Mounting. The preparation was mounted on the assembly shown in Fig. 1. This consisted of 
a glass plate, cemented to which was a piece of Perspex so shaped as to form two pools (a, 4) 
separated by a narrow barrier. This barrier was cut away for about 0-5 om in the middle (6). 
Before mounting a preparation, a single cylinder of petroleum jelly was squeezed from a syringe 
through a sawn-off no. 20 hypodermic needle so that it closed this gap (b); warming the assembly 
ensured that it made good contact with the glass base and the Perspex barrier on either side. The 
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pools were then filled with Ringer’s solution and the single fibre floated through the gap (5), so 
that an internode lay over the petroleum jelly. Enough solution was then removed to leave the 
top of the jelly free of fluid. Finally the barrier was completed by fusing another cylinder of 
petroleum jelly on top of the first, and the two pools were refilled. During the mounting of the 
fibre, the two pools were short-circuited by means of a strip of filter-paper soaked in Ringer's 
solution. 

The preparation was then fastened on both sides of the dissected length. On the peripheral side 
the tag of sheath (Fig. 1) was clamped with an insulated pair of fine screw forceps (¥’) which could 
be moved in three dimensions by racks and pinions, one movement being along the line of the 
single fibre. The other side was secured by tying the discarded sural fibres to a fine glass hook 
(H in Fig. 1). While it was being tied, the single fibre was protected by clamping at point Y in 
Fig. 1 with screw forceps. 

The assembly was carried on a metal plate insulated from earth. There was a gap in this plate 
immediately under the single fibre, and below the gap was the substage condenser of a microscope. 
The whole stage and the forceps manipulator were carried on a screw (S in Fig. 1) which gave a 
fine movement along the line of the single fibre. 

Apparatus for applying quick stretches. Rapid stretches were applied to the single nerve fibre 
through the hook (H in Fig. 1). This ran in line with the fibre through a gap (@) in the Perspex 
and was connected to the short arm of a lever (L). This lever lay on a film of heavy oil on a flat 
surface in order to prevent vibrations. When in the resting position, the end of the long arm was 
against an adjustable stop. To stretch the nerve, the tip of the long arm was struck at point X 
(Fig. 1) by the arm of a Lucas pendulum, a contact on which triggered the time-base. A photo- 
electric record of the movement of the short arm of the lever is shown in Fig. 2. It will be seen 
that the rising time is less than 1 msec and that vibrations are adequately damped. The size of the 
movement, calculated from the ratio of the lever arms, varied between 60 and 200. In some of 
the earlier experiments either a piezo-electric crystal or a solenoid was used. 


ANNANANANA 


Fig. 2. Photoelectric record of the movement of the short arm of the lever. Time, 1 ke/s. 


Recording. The resistance, external to the nerve membrane, in the petroleum jelly varied widely 
from experiment to experiment. Usually, and particularly so in the later experiments, this 
resistance was greater than 10 MQ. Current flowing through this resistance caused a potential 
difference between the pools; this was recorded through silver/silver chloride electrodes (Z,, 
#, in Fig. 1). Electrode #, was connected to earth, while ZH, was connected through a cathode 
follower (grid current <1 pA) and amplifier to a cathode-ray oscillograph. The low-frequency 
limit was usually 0 c/s. The high-frequency response was limited by the charging time of the input 
capacities, which were reduced as far as possible by appropriate design of the cathode follower and 
by connecting both the metal plate on which the assembly rested and the screening of the input 
lead to the cathode of this valve. In most experiments a resistor of relatively low value (1 or 
2 MQ) was connected between the electrodes to improve the frequency response of the system ; 
the discontinuities in the records (Fig. 4) could then be clearly seen. 

In a number of experiments measurements of the impedance between the pools were made with 
an earthed parallel capacity bridge. Measurements were made at frequencies in the range 
200 c/s to 30 ke/s; often readings were confined to either 200 c/s or 10 ke/s. 
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The cut end of the nerve trunk was placed over pair of platinum stimulating electrodes 
(P in Fig. 1) and covered with a low melting-point (m.p. 39° C) paraffin wax to prevent drying. 

Solutions. The Ringer’s solution used contained NaCl 0-675 g, KCl 0-015 g, CaCl, 0-020 g 
per 100 ml. In winter the CaCl, concentration was doubled. The sodium-free solution contained 
choline chloride 1-7 g, KCl 0-015 g, CaCl, 0-020 or 0-040 g per 100 ml. 


RESULTS 

The effect of rapid stretch 
In the earliest experiments, the single nerve fibre was immersed in a bath of 
Ringer’s solution and a response to stretching the single fibre was looked for 
by recording the muscle action potential. The single fibre was extended in 
20. steps by the screw adjustment (S in Fig. 1), and after each step a rapid 
stretch of 204 was applied by means of a piezo-electric crystal. No stimulation 
was ever seen, so the extension of the dissected segment during the rapid 
stretch was measured with a polarizing microscope and micrometer eye-piece. 
It was found that the rapid stretches increased the length of the dissected part 
of the fibre by only 0-5%. It was not possible, however, under our optical 
conditions, to measure the increase in length of individual nodes of Ranvier 
because, when stretched, the nodal margins became too indistinct. While a 
0-5% increase in length is greater than could reasonably be assumed in some 
sense organs, it was obviously necessary to try greater stretches and to use 
a more sensitive index of activity. 

A greater stretch was obtained by using a solenoid, but the electrical inter- 
ference from it was too great and it was abandoned. Still larger stretches were 
obtained by using the pendulum and lever method described above and this 
was used while recording the potential difference between a stretched node 
and an unstretched or inactivated node. The barrier tended to hold the fibre 
so that the part on the pendulum side was usually stretched more than that 
on the other side. In two experiments the barrier held the fibre so firmly that 
there was no stretch of the fibre beyond the barrier and the recording was 
therefore differential between a stretched and an unstretched node. In four 
other experiments in which there was some movement beyond the barrier, the 
Ringer’s solution in the pool further from the pendulum was changed for a 
solution in which the sodium had been replaced by choline; this technique 
should have abolished any potential involving sodium transport set up at the 
node on the far side of the barrier, so that potentials of this type at the node 
before the barrier would become apparent. 

In all these experiments the preparation was extended 60 at a time by 
means of the screw, and a rapid stretch given at each step. In none of these 
experiments was a consistent change of potential observed. In two there was 
a change, but in one the change appeared in only a few records, was not 
related to the resting tension and varied in polarity; while in the other the 
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change was only distinct in a few records and gave the impression of an artifact. 
The limit of the sensitivity was set by the electrical disturbances which followed 
the mechanical vibrations set up by the swing of the Lucas pendulum. These 
disturbances could not be completely removed, and the smallest potential that 
we could have detected was 3-5, of the amplitude of the action potential. 
The rapid stretches used in these experiments (Fig. 2) extended the dissected 
stretch on one side of the barrier, that nearer the pendulum, by 3-6%. 


a c 


Qs 


Fig. 3. Effect of rapid stretch. a, monophasic impulse at beginning; 6b, ditto, amplification x 16 
(also in ¢ and d); c, valve vibration to indicate moment of stretch; d, record of potential 
during rapid stretch, initial stretch just short of breaking point. Top beam indicates time 
1 msec, 


An example of such an experiment is shown in Fig. 3. The solution in the 
peripheral pool was replaced by the choline chloride solution and an impulse, 
- conducted from the stimulating electrodes (P in Fig. 1), appears as a mono- 
phasic wave (Fig. 3a). The amplification was then increased sixteen times 
(Fig. 36). To mark the moment of stretching the pendulum was swung while 
the input cathode follower was attached to the supports of the lever. The 
vibration of the valve caused the oscillations seen in Fig. 3c; no oscillations 
were seen if the pendulum was swung without allowing it to hit the lever. The 
final record (Fig. 3d) was taken during the last of a series of rapid stretches; 
before each stretch the length of the fibre was increased by 60. After this 
record the monophasic potential still appeared; one more 60 step was then 
added to the length and the fibre broke during the subsequent rapid stretch. 


The effect of steady stretch 
The experiments discussed in the first section often terminated because the 
passage of an impulse initiated at the stimulating electrodes (P in Fig. 1)) 
was blocked before it reached the barrier. At first this was attributed to 
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damage during the experimental procedure. This view was strengthened by 
the observation that recovery could, on occasion, occur if the fibre was 
allowed to rest and the bathing fluid was renewed. The consistent nature of 
this phenomenon, however, prompted a more detailed study of the effect of 
steady stretch on the action potential. 

The nerve trunk was stimulated and the action potential recorded across 
the barrier; these action potentials showed discontinuities which, though not 
usually obvious in the fresh preparation, became much more so as the experi- 
ment proceeded. Two records showing these discontinuities clearly are illu- 
strated in Fig. 4. There can he little doubt that each of these discontinuities 


Fig. 4. Records of impulses from stretched single fibres to show points of discontinuity, In each 


record the beginning of activity at node —1 is indicated by an arrow. Top beam indicates 
stimulus and time 1 msec. 


Time (msec) 
Fig. 5. Tracings of records of action potentials from the same fibre. a, beginning of experiment, 
all nodes active; b, nodes beyond barrier inactivated by replacement of sodium with choline ; 
c, after stretch, node —1 does not fire. 


represents the activation of another node of Ranvier, because they separate 
out into quite distinct, and at any one time, all or nothing phases of activity 
(Tasaki & Takeuchi, 1941; Tasaki, 1953). Thus, in a, Fig. 5, taken early in an 
experiment, three phases of activity were easily seen ; in b, the node immediately 
after the barrier was blocked by replacing sodium with choline and the last 
phase disappeared; in c, after stretching, only the first phase was present. 
Each phase of an action potential could thus be attributed to the activity of 
a particular node. The main upward peak was clearly due to the activity of 
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the node immediately before the barrier and the steep downward phase of 
the diphasic potential to the activity of the node immediately after; for 
convenience we have referred to these nodes as node ~1 and node +1 
respectively; further nodes have been numbered appropriately (Fig. 6d). 
Stretching the single fibre, if continued far enough, always resulted in the 
block of the impulse at one of the nodes subjected to stretch. Various 
examples are illustrated: Fig. 6a shows a block between node —3 and node 
— 2, Fig. 6b between node —2 and node —1, and Fig. 6c between node —1 and 
node +1. Under our experimental conditions the block between node — 2 and 


node —1 was the commonest. Block could normally be relieved by relaxing 
the fibre. 


changes. The results illustrated in Fig. 6, particularly 66, show that 
block was preceded by changes in the shape of the potential. One of the most 
striking changes was the increase of the latency between the activation of one 
node and the next. 

The increase of this latency during stretching is illustrated in Fig. 7. The 
procedure was to measure the interval before the slack was taken up, repre- 
sented by the single point at the extreme left; the slack was then taken up and 
a record taken at this arbitrary zero length ; records were then taken once every 
2 sec, and between each record and the next the total length between the fixed 
points was increased by 60, the lengthening continuing till the passage of the 
impulse became blocked (e.g. last record, Fig. 66); the process was then 
immediately reversed and the length decreased by 60. between records. The 
circles in Fig. 7 show that, as the length increases, the interval increases till 
finally impulse conduction fails; the crosses show the recovery during relaxa- 
tion; the blanks in the series of points indicate that there was no excitation of 
the second node (node —1). In this experiment recovery was good; but in 
some experiments the recovery was slow. 

The length at which block occurred was near the mechanical breaking point 
of the fibre. In some experiments when the stretch was continued for a few 
more 60 steps or even, as on some occasions, when the fibre was left without 
further stretch for a few minutes, the fibre ruptured. 

Amplitude changes. The amplitude of the recorded potential decreased as 
the length of the fibre was increased. This decrease was observed in fifteen out 
of sixteen preparations, the mean decrease (just before block) being 41%, the 
standard deviation of the observations being 26%. An example of the decline 
of amplitude with increasing stretch is shown in Fig. 8 where the amplitude 
is plotted as ordinate against the total stretch; as before, records were taken 
every 2 sec, an increase or decrease of 60 in the length being made between 
records. It will be seen that the amplitude fell by 51% and then recovered to 
a value 19% below the starting value. This amount of recovery was typical, 
though individual results ranged from complete to no recovery. The shape of 
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the curve was not always as that illustrated; it varied considerably and in one 
experiment the concave side was upward. To enable the amplitude of the 
current due to activity of node —1 to be followed, preparations were made 
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Fig. 6. Tracings of records of action potentials taken at different degrees of stretch from each 
of three different preparations. a, illustrates block between node —3 and node —2; 6, illus- 
trates block between node—2 and node —1; c, illustrates block between node — 1 and node 
+1; d, diagram to indicate numbering of nodes. The numbers on figure b indicate the total 
number of steps (see text). 
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monophasic. This was usually done by replacing the sodium in the peripheral 
pool by choline, but in a few experiments the sodium in this pool was replaced 


Total applied stretch 


Fig. 7. Latency between node —2 and node —1 with increasing stretch. The arrow indicates 
the maximum stretch; missing points to the left of the arrow indicate that node — | failed 
to fire. O, increasing length; x , decreasing length. 
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Fig. 8. Change of injury (top curve) and action potentials during stretch. Abscissa: total applied 
stretch (note length decreases to the right of the vertical line, as indicated by the arrows). 
Ordinate: amplitude of recorded action potential mV. The changes of recorded injury 
potential are on the same scale, but the position of the line has no significance. 


by potassium in order that changes of resting potential might also be measured. 
In one experiment in which potassium was used for this purpose the resistance 
between the pools was kept very high because, with this precaution, the 
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current through node —1 due to depolarization of node +1 was so small that 
node —1 was still able to give a large action current. 

The potential difference which was recorded was that set up between the 
two pools and was due to current flow through the recording resistance. This 
resistance was the film of fluid outside the single nerve fibre in the barrier in 
parallel with any shunt resistor connected between the live lead and earth. 
The former might have been altered during stretching, but the latter could not 
have been affected. In two experiments the potential was made monophasic by 
replacing the sodium in the peripheral pool with choline and the impedance of 
the preparation then measured with a parallel capacity bridge at either 200 or 
300 c/s. 

There is no reason to believe that there was an element which caused a phase difference between 
current and potential in series with the path through the external fluid, and therefore the 
reading of resistance on the parallel capacity bridge should have given a lower limit to the 
resistance of the external fluid; at 200 c/s this reading was probably close to the correct 
value. 

In both experiments the resistance was greater than 20 MQ. The prepara- 
tions were then shunted with a resistor and records taken during stretch until 
block occurred. Finally another bridge measurement was made. In one 
preparation the starting resistance, at 200 c/s and as defined above, was 21 MQ, 
the final resistance was 18 MQ and the shunt a 1 MQ resistor. The overall 
change of resistance was a reduction of 075%, but at the same time the 
amplitude of the monophasic potential fell by 20%. In the other experiment 
the recorded resistance was greater than 30 MQ both before and after stretch ; 
the shunt resistor was 2 MQ. Even if it is assumed that the resistance of the 
external fluid started at infinity and fell to 30 MQ, the overall fall of resistance 
would have been 6-3% as compared with the observed decrease in potential 
amplitude of 24%. There is little doubt therefore that the results were not due 
to a change of recording resistance and that there was a reduction of action 
current during stretch. In nine other experiments similar results were obtained, 
but in none of these was there sufficient information for such an analysis. In 
the experiment in which the peripheral part of the fibre was depolarized by 
replacing sodium with potassium the reduction of amplitude was similar to 
that in the other experiments. 

In this type of experiment there are a number of factors which could control 
the flow of current between the pools. Changes in the resistance outside the 
fibre have been excluded by the experiments just described. Changes in 
impedance due to activity of the nodal membranes in the peripheral pool have 
also been excluded by the depolarization of these nodes with potassium. The 
remaining factors are the membrane potential of the last node in the central 
pool, the internal resistance of the internode across which we were recording 
and the transverse impedance of the myelin. 
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A number of attempts were made to measure the length of the internodes 
of the single fibre before and after stretch using a micrometer eye-piece and 
polarized light. Unfortunately these measurements proved unsatisfactory 
because of the difficulty of identifying stretched nodes, and instead, measure- 
‘ments of the whole dissected length were made with a travelling microscope. 
The second method suffered from two great difficulties; that it was not easy 
to determine when the slack had been taken up and the fibre straight; and 
that the other fibres tended to pull back on the single fibre, so exposing a 
greater length of the latter. In three experiments measurements of the whole 
length of the single fibre were made before and after a series of records of 
action potential amplitude, taken during steadily increasing stretch. The 
increases in length which can only be regarded as setting an upper limit were 
60, 100 and 100%. These values are large compared with the 30%, increase in 
length given by Schneider (1952) as the stretch at which conduction block 
occurs; his figure is more likely to be correct. The amplitude change in these 
particular experiments was, however, unusually large, being —64, —69 and 
—7™2% respectively. 

Stretching not only decreases the amplitude of the action potential but also 
increases the time of rise of the potential (Fig. 6). 

The resting potential. In experiments in which sodium was replaced by 
potassium it was possible to record changes of demarcation potential. The 
upper curve in Fig. 8 illustrates the change of demarcation potential with 
stretch in the experiment, already mentioned, in which potassium depolariza- 
tion was used in conjunction with a very high external resistance; in this 
experiment node —1 was giving a large action potential and changes in this 
and in the demarcation potential could be measured concurrently. The position 


of the demarcation potential curve in relation to the scale has no significance 


as no attempt was made to: measure anything proportional to the total 
demarcation potential; the changes, however, are on the same scale as the 
amplitude of the action potential. It will be seen that the two curves are 
similar in shape. In this experiment it was difficult to exclude changes in the 
recording resistance as it was essential to have a very high external resistance 
to minimize the depolarization of node —1; however, the maximum change of 
the action potential, —51°%, was close to the mean, —47%, of all the seven 
experiments in which action potentials due to node — 1 activity were measured 
across @ 1 MQ or 2 MQ shunt resistor. It is therefore likely that the changes of 
injuzy potential result from changes of injury current and not from changes in 
the recording resistance. In the runs of the four experiments in which changes 
of injury potential were followed, the final amount of recovery after relaxation 
roughly paralleled the final recovery of the action potential. 

Threshold. In records such as those in Fig. 4, the point of discontinuity 
(marked by arrow) is related to the threshold of node —1. As the amplitude 
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of the recorded response of node — 1 fell, so did this point, and it was found that 
up to the moment when block occurred, they fell proportionately. The ratio 
between the maximum change of the height of this point and the maximum 
change of amplitude of the action potential was measured in eleven experi- 
ments, the mean being 1-0, standard deviation about the mean 0-4. The 
question was therefore raised whether there was a change of threshold of 
node —1 or whether the decreased height of the discontinuity on the record 
was due to a change of the fibre impedances. The nodes were stimulated by 
rectangular electrical pulses from a low impedance source applied through the 
Ag/AgCl electrodes (#,, E, in Fig. 1) which were connected to the stimulator 
through a condenser and resistor network to prevent any continuous current 
flowing through the preparation; a constant voltage stimulus was employed in 
order to avoid the result being altered by changes in the external resistance. 
The threshold was determined for about five different pulse widths using as 
indicators the muscle twitch and the nerve action potential recorded with the 
electrodes (P in Fig. 1) previously used for stimulation ; the stimulating cathode 
was on the side away from the muscle. The nerve was then stretched in 60, 
steps and the threshold for two stimulus durations, one less than 0-1 msec. and 
the other longer than the maximum latency, determined at each step. A 
second complete strength-duration curve was recorded when the stretch was 
at its greatest. The stretching was stopped when the threshold to a short pulse 
became very large and, as usually happened at the same time, the thresholds 
for propagation in the two directions became different. The threshold of 
propagation on the side of the cathode increased, while that on the side of the 
anode usually remained fairly constant; it is the changes on the cathodal side 
that are referred to in this paper. In three of the four experiments this increase 
in threshold was quite abrupt, as can be seen from Table 1. The third column 


TaBLeE 1. Threshold changes during stretch 


Threshold under stretch 
Initial threshold 

A 
Thresh Short pulse Long pulse Threshold max. very 

Duration of to — A + Initial threshold 

short pulse Atlstep< At max At A 

) max. stretch stretch Short pulse Long pulse 

47 446 18 1-0-1-2 —_— 

70 1-5 146 4-3 1-1 13 10 

75 3-5 1-2 76 | 10 

70 2-1 10 12-0 10 1-0 0-9 


shows the ratio for a short pulse between the threshold, after all but one 60 u 
or 120 step out of a total stretch of 1-2 mm, and the resting threshold; the 
fourth gives the corresponding result after the last step had been taken up. 
It was not convenient to observe the state of the potential during these experi- 
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ments and we do not know that this end-point corresponds to that in those 
experiments in which potentials were recorded. 

The three main points that appear in these results are that there was little 
or no change of the threshold to a long pulse, that there was almost complete _ 
recovery on relaxation and that there was an abrupt and large increase of 
threshold to a short pulse. Strength-duration curves before and at maximum 
stretch were compared in three experiments and all gave results similar to that 
shown in Fig. 9. This shows that the change in short pulse threshold is part of 
a change in the whole strength-duration curve. 


Br 


DISCUSSION 
There was no response to stretching a single fibre rapidly. This does not answer 
the question posed in the introduction because other axons or other forms of 
mechanical distortion might have given positive results. At present we can 
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only say that there is no evidence that the nodal membrane reacts to mechanical 
stimuli in the same way as sensory terminals. 

The other results described in this paper are concerned with the block of 
impulse conduction that occurs on stretching a myelinated nerve fibre. This 
block is reversible and only appears when the fibre is near the length at which 
it breaks. These results appear to be at variance with the general finding that 
nerves, even whole nerves whose fibres zig-zag inside a protective sheath (e.g. 
Schneider, 1952), are easily killed by stretching. 

Under conditions of steady stretch, changes occurred in the recorded 
potentials, and as these were not due to changes in the recording resistance 
there must have been changes in the currents flowing through it. The injury 
current and the action current declined together as the axon was stretched. 
The size of these currents must have depended on the source potential and the 
impedance of the system. It is simplest to consider the changes in the injury 
current, for, in these experiments the peripheral nodes were depolarized and 
can be regarded as having had zero membrane resistance; all capacities can be 
ignored as we were recording only steady potentials, and the resistance across 
the myelin was probably high compared with the resistance of the axis 
cylinder, except possibly at maximum stretch. The change of current can 
therefore be due either to a change in the resistance of the axis cylinder or to 
a change of membrane potential. A change of resistance must occur since the 
length is increased and the diameter presumably decreased; if the volume 
remains constant, the resistance should vary as the square of the length. It has 
been calculated on this assumption (see below) that the resistance of the axis 
cylinder would have increased by an amount of the right order of magnitude 
to cause the observed changes. Nothing is known of the behaviour of the nodal 
membrane potential during stretch, and it is possible that it also changes. 
A similar argument can be used to explain the change in amplitude of the 
action current, but in this instance there are several more factors to consider. 


When the change in amplitude of the action potential was recorded with the peripheral pool 
containing isotonic potassium chloride, the capacity across the myelin sheath was also involved. 
Part of the action current flows as capacity current across the myelin. This component becomes 
more important as the axis cylinder resistance increases ; also, the capacity across the myelin sheath 
may increase during stretch because it is possible that this sheath increases in area and becomes 
thinner. When using choline, instead of potassium, chloride the membrane impedance of the node 
in the peripheral pool provides yet another factor to be considered. The amount of current that 
by-passes the recording resistance by crossing the myelin in the central pool can also be altered by 
moving the axon through the barrier (Huxley & Stampfli, 1949; Hédler, Stampfli & Tasaki, 1952). 
In our experiments the tension was always applied so that the fibre tended to move into the central 
pool; this would decrease the size of the recorded potential. 

There are therefore a number of factors which might influence the form of the potential and 
about which we have no quantitative information ; furthermore the measurements of fibre length 
are unreliable. No conclusions can therefore be drawn from these measurements other than that 
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for the changes in current. Assuming the simplest situation, that the current is altered only by 
the axis cylinder resistance and that the volume of the cylinder remains constant, one can 
calculate from a known change of length an expected change of action current amplitude. The 
changes of length measured in three experiments were 60, 100 and 100%, from which can be 
calculated the expected changes of action current -61, -75 and -75%; the observed values 
were — 64, ~69 and -72%. As has already been said, these measurements of length are open to 
grave doubts, but Schneider (1952) gives a value of 30% increase in length to produce block; on 
this figure the calculated change of action current amplitude is 41%, which can be compared with 
the mean result in our experiments 41 % (standard deviation about the mean 26%). There are 
certainly other factors, besides the axis cylinder resistance, which influence the change of action 
current, The membrane impedance of the nodes (and myelin) in the peripheral pool will be in 
series with the axis cylinder resistance; a constant value of this impedance would reduce the 
expected change of action current and any reduction of this impedance would reduce it still 
further, The impedance across the myelin in the central pool acts as a shunt; its presence would 
increase the expected change and any reduction of this impedance would increase it still further. 
We have no information about the size of the action potential across the membrane, but changes 
may well occur during stretch. 


An increase of axis cylinder resistance with or without an increase in the 
capacity to be charged would also explain the increase in the rising time of the 
action potential. The action current becomes smaller and the time of rise of 
the current becomes longer as the fibre is stretched. These facts are clearly 
adequate to explain the increase in the time required by, and eventual failure 
of, one node to excite the next. 

The threshold, both to short and long duration pulses, remained nearly 
constant during stretch until an abrupt increase in that to a short pulse 
occurred, Both the abrupt change of short pulse threshold and the constancy 
of all the other measurements are difficult to explain on a hypothesis that 
stretching produces only gradual changes of resistance and capacity. The 
results obtained would occur if the axis cylinder and membrane resistances 
remained constant throughout while the capacity between the axis cylinder 
and outside suddenly increased. The capacity might suddenly increase if the 
myelin became damaged, but it is difficult to believe that the axis cylinder 
resistance of the internode in the barrier does not increase. 

The constancy of the rheobase makes it unlikely that there is any change of 
the critical membrane potential at which regenerative action takes place. The 
height of the points at which the action potentials of node —1 start must be 
related to this critical threshold. This starting point, the peak amplitude of 
the action current, and the injury current, all decreased together. A simple 
explanation would be that, in part at least, all these reductions in amplitude 
have the same cause, namely the changes of resistance in the axis cylinder of 
the internode which runs through the barrier. This emphasis on the internode 
is supported by Schneider’s (1952) finding that the nodes of Ranvier are 
particularly well protected against stretch. 
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SUMMARY 


1, Single myelinated nerve fibres have been subjected to rapid stretch 
(5% in less than 1 msec) at various initial tensions, while electrical activity in 
the stretched part was looked for. No activity was seen. Thus a node of Ranvier 
of a motor fibre does not, at any initial tension, act as a model of a mechanical 
sensory receptor, 

2. Steady stretching of a single myelinated nerve fibre, when sufficient, 
blocked conduction. Block did not occur until the fibre was near breaking 
point. 

3. Conduction block was preceded by an increase in the latency between 
the excitation of one node of Ranvier and the next. 

4, The amplitude of the action.current along an internode was reduced as 
the amount of stretch was increased. 

5. The amplitude of the injury current along an internode was reduced as 
the amount of stretch was increased. 

6. The threshold to a long applied electrical stimulus remained constant up 
to the maximum stretch tested, but that to a short pulse increased abruptly 
at a certain degree of stretch. 

7. All these changes were reversible. 

8. Factors likely to cause these changes are discussed. 
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CONTRACTION AND RELAXATION IN THE ADDUCTOR 
MUSCLES OF PECTEN MAXIMUS 


By J. LOWY 
From the Marine Biological Laboratory, Plymouth* 
(Received 17 September 1953) 


Smooth lamellibranch adductor muscles are of general interest because they 
are capable of maintaining tonic contraction for long periods of time without 
appreciable fatigue. In Pecten the single adductor consists of a striated muscle, 
used for rapid swimming movements and of a smaller, smooth muscle which 
executes slow contractions and can keep the shells closed against the tension 
of the springy hinge ligament. The smooth Pecten muscle thus performs the 
same functions as the wholly smooth adductors of Mytilus edulis. An earlier 
paper (Lowy, 1953) describes experiments in which volleys of muscle potentials 
were recorded from the intact Mytilus muscle during prolonged closure of the 
shells, a finding which suggests that tonic contraction may be due to nervous 
excitation. The main object of the present work has been to re-examine the 
evidence in support of this view. 

Contraction of the smooth and striated Pecten muscles was investigated by 
recording the muscle potentials associated with phasic and tonic activity, and 
with rapid swimming movements. Other experiments were carried out in order 
to obtain further information about the mechanism of relaxation in the smooth 
muscle. 


EXPERIMENTAL METHODS 


The animals were kept in circulating sea water in tanks at the Plymouth laboratory. 

A freshly caught Pecten which showed vigorous swimming movements in the aquarium was =} 
selected and placed into a bow] of sea water. For the recording of spontaneous mechanical activity 
the flat shell was held by a small stainless steel clamp in a rigid arm fitted into an adjustable 
Palmer stand. A nylon thread, tied to another stainless steel clamp fixed on the free shell, 
was connected to a spring-loaded wheel moving a potentiometer arm. The voltage changes due 
to movement of this arm were amplified by a direct-coupled amplifier in order to operate one pen 
of a two-channel ink-writing oscillograph. 

A wooden wedge was placed between the open shells of an animal held as described above in 
a bowl of sea water. Electrodes, of the same type as those used in the Mytilus experiments (Lowy, 
1953), were inserted into the smooth and striated parts of the Pecten adductor. The coiled electrode 
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wires were secured with wax to the rigid arm holding the flat shell and the wedge was carefully 

The electrodes were connected to the balanced input of an amplifier which was resistance-capacity 
coupled, the deflexion to a rectangular input declining to one-half in 1 sec. The amplified electrical 
changes in the two types of muscle were recorded simultaneously or separately by the pens of the 
ink-writing oscillograph. 

RESULTS 
Slow phasic contraction 

When the animal is in water and undisturbed the shells open and close at 
irregular intervals. This slow contractile activity is accompanied in the smooth 
muscle by potentials whose number and amplitude depends on the extent of 
contraction (Fig. la). No electrical activity can be detected in the striated 
adductor. 
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Fig. 1. Records read from left to right and show electrical activity in the smooth (SM) and striated 
(ST'R) parts of Pecten’s adductor muscle. Contractions are represented by upward movement 
in the mechanical record (M). a, smooth muscle potentials recorded during spontaneous 
activity of the intact animal; b, smooth muscle potentials recorded during intervals between 
volleys (note increased recording paper speed); c, smooth muscle responses when valves are 
pressed together (indicated at A) and released (indicated at B); d, record of electrical activity 
in the smooth muscle while wooden wedge is held between the shells. 


Potentials also occur in the smooth muscle during the intervals between slow 
contractions when the shells are kept partly open (Fig. 16). The frequency and 
amplitude of these potentials depend on the extent to which the shells gape. 
Thus there is very little electrical activity when the shells are completely open, 
so that the smooth muscle does not have to resist the tension of the hinge 
ligament. A similar state of affairs can sometimes be brought about by pressing 
down the free shell of a partially open animal: the potentials in the smooth 
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muscle cease and only reappear when the shells open again after release 
(Fig. 1c). But more often the response is an increase in electrical activity and 
the shells remain tightly shut after release. 


Tonic contraction 

Under experimental conditions Pecten maximus rarely keeps closed for any 
length of time. On exposure to air, or when a starfish is placed into the bowl, 
fast swimming movements occur and the shells eventually gape. Prolonged 
contraction of the smooth muscle can, however, be elicited by pushing a 
wooden wedge between the shells. As long as the wedge is held in position the 
smooth muscle is continuously excited (Fig. 1d), but no action potentials can 
be recorded from the striated muscle. (This pattern of activity is evidently 
similar to that observed when the shells are kept partly open for long intervals 
between slow contractions.) In time, the frequency and amplitude of the 
potentials in the smooth muscle decreases until the shells gape. As a general 
rule, however, the animal attempts to get rid of the wedge by swimming 
movements. 

If the nerves leading to the smooth muscle are cut, it relaxes and electrical 
activity ceases completely. The isolated muscle remains excitable to electrical 
stimuli (Bayliss, Boyland & Ritchie, 1930; Bozler, 1930). 


Fast swimming movements 

When the animal is disturbed the shells are closed quickly. A sequence of 
such movements (which would normally result in swimming) may be brought 
about by placing a starfish into the bowl. The contractions appear to be 
twitches due to synchronous activation of the striated muscle fibres (Fig. 2a). 
The electrical response of the smooth muscle is normally inhibited so that it 
relaxes completely and the shells gape for several seconds before the striated 
adductor comes into action (Fig. 2d). At the same time, the smooth muscle is 
excited by a prolonged volley, and as a result the shells are pulled together 
again (Fig. 2d). 

The smooth and striated adductor can be stimulated indirectly via the 
visceral ganglia (Fig. 2b,c). The striated muscle potentials, as recorded, 
measure up to 5mY and last from 60 to 100 msec. In contrast, the potentials 
recorded from the smooth muscle have a maximum amplitude of 100 pV, a 
duration of up to 500 msec (Fig. 26), and appear to be similar to those which 
occur in the wholly smooth Mytilus adductor. The evidence which indicates 
that the potentials in these muscles are due to muscle elements has been 
discussed in an earlier paper (Lowy, 1953). 
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Fig. 2. Records read from left to right and show electrical activity in the smooth (SM) and striated 
(STR) parts of Pecten’s adductor muscle. Contractions are represented by upward movements 
in the mechanical record (M). a, striated muscle potentials recorded during swimming move- 
ments of the intact animal (there is considerable ‘kick’ in the movement of the potentiometer 
arm after a twitch of the striated adductor and in order to avoid distortion of the mechanical 
record the movement of the potentiometer arm has been restricted); 6, smooth and striated 
muscle responses to tactile stimulation of the visceral ganglia; c, records from two experiments 
showing responses of the striated muscle to stimulation of the visceral ganglia by electrical 
shocks; d, record of electrical activity in the smooth muscle during a sequence of swimming 
movements; ¢, record of electrical activity in the smooth muscle showing responses to gentle 
tactile stimulation of the velum (indicated at A); f, same, effects of vigorous stimulation 
indicated at B. 


Nervous control of relaxation in the smooth muscle 


It is possible to elicit relaxation of the smooth adductor by touching the 
muscular velum with the tip of a fine camel-hair brush. The response is due to 
stimulation of sense organs situated along the edge of the velum and is trans- 
mitted via the visceral ganglia. 

Gentle stimulation of the velum in the region of the siphons generally 
results in relaxation accompanied by a slight increase in electrical activity 
(Fig. 2e, at A). Vigorous stimulation of a large area of the velum leads to — 
inhibition of the smooth muscle response usually followed by more rapid 
relaxation (Fig. 2f, at B). This in turn is followed by a twitch of the striated 
adductor. 


a 
2 
a 


104 J. LOWY 


These observations show that, as in the case of the Mytilus adductor (Lowy, 
1953), a state of contraction in the smooth Pecten muscle can be terminated 
by nervous stimulation and suggest that relaxation could be due to either 
inhibitory nerves or to a central mechanism which diminishes the number of 
nerve impulses reaching the muscle. The increase in electrical activity during 
relaxation in response to gentle stimulation of the velum cannot be satis- 
factorily explained by either of the two above assumptions. 


DISCUSSION 


The findings which suggest that contraction in the smooth Pecten adductor is 
under nervous control may be summarized as follows: 

(1) The relation between number and amplitude of muscle potentials and 
extent of contraction indicates that the tension developed is regulated by the 
number of nerve axons thrown into action. 

(2) Nervous excitation is responsible for the maintenance of a state of 
tension because (i) if the nerves leading to the muscle are cut it relaxes and 
electrical activity ceases completely; (ii) tonic contraction is associated with 
continuous electrical activity ; (iii) by counteracting the hinge-ligament tension 
electrical activity can be stopped. 

The above considerations emphasize the essential similarity hater the 
contractile mechanism of the Pecten smooth muscle and that of the wholly 
smooth adductors of Mytilus (Lowy, 1953), Mya arenaria and Lutraria 
lutraria (Lowy, unpublished). It does not seem unreasonable to assume that 
these smooth muscles are regulated in a manner similar to that found in other 
invertebrate muscles which do not give the triggered type of response (cf. 
Katz, 1949). On the other hand, the striated Pecten muscle works by large 
synchronous contractions and possibly here the elementary reaction is the 
all-or-none response of whole motor units. 

The intrinsic speed of smooth lamellibranch muscles is very slow, but apart 
from this their mechanical properties do not apparently differ from those of 
other types of somatic muscle (Abbott & Lowy, 1953). In the light of this 
knowledge and from the experimental evidence presented here it may be con- 
cluded that tonic contraction in lamellibranch smooth muscles is a tetanic 
phenomenon and that the slow speed of these muscles adequately accounts 
for their capacity to maintain a state of tension for long periods of time with- 
out appreciable fatigue. 

SUMMARY 

1. Spontaneous electrical and mechanical activity in the smooth and 
striated parts of Pecten’s adductor muscle has been recorded simultaneously 
and continuously for long periods of time with the intact animal in water. 


2. Rapid swimming movements are executed by large synchronous con- 
tractions of the striated muscle. 
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3. Slow phasic contractions are accompanied by smooth muscle action 
potentials whose number and amplitude depend on the extent of contraction. 

4. The maintenance of a state of tension is associated with continuous 
electrical activity in the smooth muscle. If the nerves leading to this muscle 
are cut, it relaxes and electrical activity ceases completely. 

5. It is suggested that tonic as well as phasic contraction in lamellibranch 
smooth muscles is due to nervous excitation. 


I am indebted to Prof. B. Katz who read this paper in typescript. The cost of electrical apparatus 
was covered by a grant from the Royal Society. 
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AN ANGIOGRAPHIC STUDY OF THE EFFECT OF RENIN 
UPON THE RENAL CIRCULATION 
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From the Nuffield Department of Surgery, and the Nuffield Institute for Medical 
Research, University of Oxford, and the Department of Pathology, Radcliffe 
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(Received 21 September 1953) 


Tigerstedt & Bergman (1898) showed that the injection into rabbits of a saline 
extract of fresh rabbit kidneys caused a rise in blood pressure. The active 
substance was called ‘renin’, and was found by Pickering & Prinzmetal (1938) 
to be present in the cortex but not in the medulla of the kidney. It is thought 
by many workers that renin is the agent which is responsible in the initial 
stage for the hypertension which occurs after constriction of the renal artery. 
Pickering, Prinzmetal & Kelsall (1942), assaying the amount of renin in 
rabbits’ kidneys by various methods, found that for the first week after con- 
striction of the renal artery there was an increased renin content in the kidney 
if a maintained hypertension had developed. After 2 months of hypertension, 
however, the renal renin content was normal. Approaching the problem from 
another aspect, Blacket, Depoorter, Pickering, Sellers & Wilson (1950) found 
that in rabbits, continuous infusions of renin, which they gave for up to 18 days, 
produced a hypertension that was maintained throughout the period of 
infusion. | 

The many investigations into the effects of renin have not included a direct 
study of the renal circulation by rapid serial angiography, and this is now 
reported. 

METHODS 

Renin was prepared from fresh rabbit kidneys by the alcohol method of Pickering (Pickering & 
Prinzmetal, 1940). Two batches of the substance were made at different times (A and B in 
Table 1), Various methods for standardizing the dose of renin have been suggested, based on the 
weight of the prepared substance or on its direct or indirect effects (Braun-Menéndez, Fasciolo, 
Leloir, Mufioz & Taquini, 1946). In Table 1 we give the weight of the prepared substance used and 
its effect on the blood pressure of the anaesthetized rabbit. Pickering & Prinzmetal (1938) found 
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that a larger amount of renin was needed in the anaesthetized than in the unanaesthetized animal 
to produce an equivalent rise of blood pressure. 

The renin was given to eight rabbits of mixed stock and of both sexes. One of the animals was 
normal in every respect, but the other seven had been operated on with aseptic precautions several 
weeks previously, the right kidney being excised and the left kidney being placed between the 
muscle of the loin and the skin (explanted). The purpose of exteriorizing the remaining kidney was 
to improve the quality of the angiogram, and the procedure was carried out in this way to avoid 
the exposure and other disadvantages inherent in the method used in previous studies (Daniel, 
Peabody & Prichard, 1951, 1952). Each rabbit’s normal blood pressure was known, having been 
taken repeatedly over a period of some weeks previously by the ear method of Grant & Rothschild 
(1934). This information was of value since other studies (Daniel, Prichard & Ward-McQuaid, 
1954) had shown that to obtain a normal picture of the renal circulation it is important to make 
the control angiograms at a time when the blood pressure is at the normal resting level for the 
individual animal, At the time of the experiment the blood urea of each animal was within normal 
For the test of the effect of renin, which was injected intravenously, the animals were anaes- 
thetized with pentobarbitone, supplemented when necessary with ether. The carotid arterial 
pressure was recorded on a kymograph, and numerous simultaneous readings of this pressure and 
of that in the artery of the contralateral ear were taken during the experiment. Rapid serial 
angiograms (2 per sec) of the renal circulation were made with injections of 3-5 ml. of thorotrast, 
warmed to body temperature and introduced through a polythene catheter passed from the femoral 
artery into the aorta. In each experiment one series of angiograms was made shortly after the 
peak of the blood pressure rise (about 2 min after the injection of renin). In six cases another 
series was made 21-54 min after the injection of renin and from 1 to 17 min after the blood pressure 
had returned to normal. In five experiments a control angiogram had been made shortly before 
the renin was given, when the animal’s blood pressure was at ite normal resting level. Further 
details of the angiographic technique used are given elsewhere (Daniel et al. 1954). 


RESULTS 


The injection of the renin produced the characteristic effect on the arterial 
blood pressure. There was first a rapid fall, then a steep rise, followed by a 
gradual fall (Text-fig. 1). The ear and the carotid arterial pressures maintained 
a close relationship during the response to the renin (Text-fig. 2). The degree 
of the blood-pressure rise and the time taken for the pressure to return to 
normal was not consistently related to the dose or batch of renin used 
(Table 1). 

The picture of the renal circulation seen in the control angiograms (Pi. 1, 
fig. 1) conformed closely with that seen in a larger series of normal rabbits 
reported elsewhere (Daniel et al. 1954). The first angiograms made after renin 
was given, i.e. shortly after the peak of the blood-pressure rise, showed in each 
case a constriction of the smaller arteries of the kidney. The distal segments of 
the interlobar arteries were affected by this constriction, but the proximal 
segments of these vessels were usually of normal calibre or even dilated, with 
an abrupt transition from the dilated to the constricted parts (Pl. 1, fig. 3a). 
In four of the eight animals the main renal artery was also dilated. In one 
rabbit the whole of the renal arterial tree was constricted (PI. 1, fig. 2a). 

Seven animals showed an obvious ischaemia of part or all of the kidney. In 


& 
7 
‘ 
| 
é 
4 
| 


108 P. M. DANIEL AND OTHERS 


Carotid 8.P. (mm Hg) 


Text-fig. 1. Kymograph tracing showing effect of renin on the carotid arterial blood pressure of 
a rabbit (no. 132 in Table 1). At R, 24mg of renin was injected intravenously, and at A, an 
angiographic record was made of the renal circulation (see Pl. 1, fig. 3a). The spike in the 
tracing at this point is due to the injection of 3 ml. of thorotrast into the aorta through a 
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Blood pressure in ear artery (mm Hg) 
Text-fig. 2. Relation of blood pressures taken simultaneously in the carotid artery (by mercury 


manometer) and in the central artery of the contralateral ear (by the method of Grant & 
Rothschild, 1934) during the response to renin. The readings were taken in five rabbits. 
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four rabbits the ischaemia was largely confined to the peripheral cortex, and 
in three of these animals a good medullary circulation was being maintained 
(Pl. 1, fig. 2). In the animal which had the smallest rise of blood pressure in 
the series there was no obvious ischaemia of the kidney, although the distal 
segments of the interlobar arteries were slightly constricted. The renal circula- 
tion time was more than 5 sec in three animals (in normal rabbits the range is 
1-5-3-0 sec) and in two others it was slightly longer than it had been in the 
control angiograms of the same animals. 

In six of the experiments a further angiographic record was made after the 
blood pressure had returned to its original resting level. In five cases this was 
between 1 and 17 min after the blood pressure had returned to normal, while 
in the sixth the exact time was not noted, but it was probably within this 
range. In each case the angiogram still showed an abnormal picture. In five 
animals the distal segments of the interlobar arteries were still constricted 


(Pl. 1, fig. 36), and in one (no. 131 in Table 1) some patches of cortical 
ischaemia also persisted. 


DISCUSSION 


Corcoran & Page (1939, 1940) found that in dogs, slow infusions of renin 
resulted in a relative increase of inulin clearance and a decreased renal blood 
flow and phenol red clearance, and they considered that this indicated con- 
striction of the efferent glomerular arterioles. They thought that afferent vaso- 
constriction also occurred but that the renin acted more powerfully on the 
efferent than on the afferent arterioles. Chasis, Ranges, Goldring & Smith 
(1938) expressed the view that in man physiological changes in renal blood 
flow are mediated primarily by changes in the tone of the efferent rather than 
the afferent glomerular arterioles. 

Pickering & Prinzmetal (1940) observed that in the rabbit, urine flow 
decreased during the first 10-20 min after an injection of renin and then, if 
the dosage had been adequate, greatly increased. Extending this work, 
Hughes-Jones, Pickering, Sanderson, Scarborough & Vandenbroucke (1949) 
showed that hypertensin had a similar effect on renal function. Their findings 
suggested that the changes in the volume and composition of the urine during 
the diuretic phase, caused by both renin and hypertensin, were of tubular 
origin. When they injected Berlin blue into the kidneys of rabbits at the 
height of the diuresis, 10 min after an injection of renin, they found no 
consistent difference from the normal in the distribution of the mass among the 
glomeruli. 

Our angiograms do not show individual vessels as small as the afferent and 
efferent glomerular arterioles, but a constriction of the distal segments of the 
interlobar arteries was seen after renin in each experiment, demonstrating 
that at least part of the effect occurs proximal to the glomeruli. This finding is 
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consistent with the view that the antidiuretic phase which occurs initially after 
an injection of renin is due to a constriction of the smaller arteries of the 
kidney. Our studies have shown that the ischaemia associated with this renal 
vasoconstriction may be severe and involve both the cortex and the medulla, 
but in four out of the eight experiments the ischaemia was seen to affect 
chiefly, or even only, the peripheral cortex. 

It is, however, difficult to relate our findings to the diuresis which was shown 
by Pickering & Prinzmetal (1940) and Hughes-Jones et al. (1949) to follow 
soon after the antidiuretic phase. For in our experiments the constriction of 
the peripheral arteries of the kidney was still present after the blood pressure 
had returned to normal, some 20 min or more after the renin had been given. 
However, our results do support the view that the renal vessels are constricted 
during the diuretic phase (Pickering & Prinzmetal, 1940). 

The angiograms made after injection of renin show a somewhat different 
picture of the renal circulation from that seen in a similar study in rabbits 
made hypertensive by the clip method (Daniel e al. 1954). During the first 
few days after application of the clip the intrarenal arteries were constricted 
and the degree of perfusion of the kidney was reduced, but in no case did the 
ischaemia obviously affect the cortex more than the medulla. After the first 
week no abnormality could be detected in the renal circulation unless the 
hypertension developed into a malignant type, when there was a marked 
constriction of the intrarenal arteries and a severe impairment of the circulation 
throughout the kidney. The degree of hypertension, however, was greater in 
three of the eight animals used in the renin experiments than that obtained in 
any animal of the clip series. 


SUMMARY 


1. The effect of renin on the renal circulation of rabbits was studied by 
means of rapid serial angiography. 

2. The angiograms made shortly after the peak of the blood pressure rise 
caused by renin showed a constriction of the smaller intrarenal arteries, and an 
increased renal circulation time. In half the animals the ischaemia associated 
with this renal vasoconstriction was largely confined to the peripheral cortex. 

3. A considerable degree of peripheral renal vasoconstriction was still seen in 
angiograms made some minutes after the blood pressure had returned to normal. 


The renin was kindly prepared for us by Mr G. Higgins, and we should like to thank him and 
Mr J. R. P. O’Brien, Director of the Department of Biochemistry, Radcliffe Infirmary, Oxford 


- for their help and co-operation. We are grateful to Mr M. 8. Tuckey and Mr J. H. Charles for 


technical assistance. 
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EXPLANATION OF PLATE 


Fig. 1. Individual angiograms taken from a serial record showing the circulation through the 
kidney of a normal rabbit (no. 131 in Table 1) shortly before the administration of renin. 
a, arterial; b, capillary; and c, venous, phases of the renal circulation. 

Fig. 2. Corresponding angiograms of the same animal made just after the peak of the blood- 
pressure rise caused by an injection of renin. Note in a the greatly diminished calibre of the 
peripheral segments of the interlobar arteries. In this experiment the proximal segments of 
these arteries and the main renal artery were also constricted. There is an ischaemia of the 
peripheral cortex, seen also in b, b and ¢ show the medulla being well perfused. 

Fig. 3. Individual angiograms taken from two serial records of the same animal (no. 132 in 

Table 1) showing peripheral renal vasoconstriction caused by renin. In each case the arterial 

phase of the circulation is shown. a, angiogram made 2 min after an injection of renin (see 

Text-fig. 1). Note the severe constriction of the more peripheral segments of the interlobar 

arteries contrasting with the dilatation of the proximal segments and of the main renal 

artery. There is a marked cortical ischaemia. 6, angiogram made 52 min later when the blood 
pressure had returned to its normal resting level. The arteries still appear much as in a, though 
there is slightly less peripheral vasoconstriction. 
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ACETYLCHOLINE METABOLISM OF NORMAL AND 
AXOTOMIZED GANGLIA 


By H. McLENNAN* 
From the Department of Physiology, University College, London 
(Received 23 September 1953) 


Transmission of impulses through a sympathetic ganglion is abolished by 
section of its postganglionic axons (axotomy) (Brown, McLennan & Pascoe, 
1952; Brown & Pascoe, 1954). The loss of function is attributable to a loss by 
the ganglion cells of their excitability to acetylcholine. The output of acetyl- 
choline by the perfused ganglion in response to stimulation of the preganglionic 
trunk falls within normal limits, but the axotomized ganglion cells respond 
neither to this nor to acetylcholine reaching them from the circulation. The 
crude test of perfusion gives little information about this metabolism of 
acetylcholine in the ganglion, particularly about the time course of its destruc- 
tion. One possible cause of the transmission block is the accumulation in the 
ganglion of amounts of acetylcholine which could cause depolarization of the 
cells and a loss of excitability. For this reason it appeared desirable to study 
the quantitative changes of the enzymes responsible both for the destruction 
and the synthesis of acetylcholine. 


METHODS 


The superior cervical ganglia of rats have been used. The animals were anaesthetized with ether, 
and the postganglionic axons from the ganglion on one side were sectioned with aseptic precautions, 
the nerves being cut close to the ganglion. The contralateral ganglion served as a control. A period 
of 3 weeks was allowed for complete degeneration. 

For the determination of cholinesterase, both ganglia were removed from a pair of rats. 
Immediately after excision the ganglia were placed in a dish of saline medium, and after the 
removal of the capsule with scissors, they were blotted and weighed on a torsion balance. The 
ganglia were placed in a glass homogenizer of the Potter-Elvehjem type, together with 2 ml. of 
saline medium, and ground to give a uniform tissue suspension. 1-8 ml. of this suspension was 
placed in the main compartment of a Warburg vessel, and 0-2 ml. of acetylcholine chloride 
solution of a strength sufficient to give a final concentration in the vessel of 4 m.mole/l. was placed 
in the side bulb. The estimation was carried out at 37°C. The saline medium contained, in 
m.moles/l,: Na 148, K 3, Ca 1-5, Mg 1, Cl 129, HCO, 25, SO, 1. In the cholinesterase determination 
this was equilibrated with a gas phase consisting of 95% N,-5% CO,, which at 37° gives a pH of 
7-4, 

* Fellow of the National Research Council of Canada. 
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For the measurement of the amount of acetylcholine synthesized, the ganglia from two to six 
rate were excised, decapsulated, and weighed as before. The ganglia were incubated, either whole 
or divided in two with scissors, in 2 ml. of saline medium. The medium was of composition similar 
to the above, but contained in addition 10 m.mole/l. glucose and 0-4 m.mole/l. eserine sulphate, 
and was equilibrated with 95% 0,-5% CO, at 37°. The high potassium medium which was used 
in some of the experiments contained 27 m.moles/l. K, and the Na was reduced to 124 m.moles/]. 
to preserve isotonicity. | 

At the end of the incubation period, the vessels were taken from the bath, the tissue was 
removed, and the amount of acetylcholine formed was determined directly in the suspending fluid. 
The assay was performed on the isolated eserinized dorsal muscle of the leech. 


RESULTS 


A consistent observation in the course of this work has been that the weight 
of an axotomized ganglion is greater than that of the control from the same 
animal. This is due to the development of a neuroma of variable size at the 
point of section of the axons. Comparisons between normal and axotomized 
tissue on a weight basis are therefore impossible, and the results to be presented 
below are expressed per ganglion, rather than per gram of tissue. This does 
provide a fair basis Yor comparison, as the weights of two normal ganglia from 
the same animal agree to within 3% of each other, and it is probable that the 
amount of actual ganglionic tissue remains unaltered after axotomy. 


TaBz 1. Cholinesterase content of normal and axotomized ganglia 
Values are expressed as yl.CO, evolved/ganglion in an incubation period of 30 min. 
Normal Axotomized 


The cholinesterase content of axotomized ganglia has been found to be 
reduced. The values obtained are shown in Table 1. The loss of activity is 
variable, the axotomized ganglia containing between 23 and 76% of the 
enzyme content of the controls. This drop represents a loss of ‘true’ cholin- 
esterase, since ‘pseudo’ cholinesterase, as judged from the complete lack of 
hydrolysis of either triacetin or benzoylcholine, is not present in this tissue. 
Table 2 shows the effects of axotomy on the synthesis of acetylcholine. If 
the tissue is incubated in a medium containing the normal low concentration 
of potassium, then the amount of acetylcholine synthesized is approximately 
the same in the axotomized and in the control ganglia. Raising the potassium 
concentration to 27 m.moles/l. causes a considerable increase in the synthesis 
of acetylcholine in normal ganglia, as is also observed in brain tissue (McLennan 
& Elliott, 1950), but this increase is not obtained with the axotomized ganglia, 
the amount of acetylcholine synthesized being the same in both media. 
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TaBie 2. Acetylcholine synthesis by normal and axotomized ganglia 


Values are expressed as yg/acetylcholine chloride synthesized ganglion 
d the time of incubation. 


Normal Axotomized 
$3 m.moles K+ 27 m.moles K+ 3 m.moles K+ 27 m.moles K+ 
1 hr incubation 
0-005 0-005 — 
0-013 — 0-011 — 
0-035 0-010 
2 hr incubation 
0-150 
— 0-090 — 0-010 
0006 - 0-034 0-007 0-006 
DISCUSSION 


The finding that about one-half of the cholinesterase of sympathetic ganglia is 
lost after axotomy is difficult to understand. The amount of cholinesterase 
present in normal tissue could hydrolyse about 0-2yug of acetylcholine per 
second (i.e. 10,000 times the observed maximum rate of synthesis), and the 
loss of even three-quarters of this activity should leave enough to cope with 
the amounts of acetylcholine likely to be encountered in the tissue. In the 
superior cervical ganglion of the cat, ‘true’ cholinesterase has been demon- 
strated to be present in some, but not all, ganglion cells; but most is found in 
the preganglionic fibres and their ramifications (Koelle, 1951). None is present 
in the postganglionic axons. After preganglionic section the enzyme dis- 
appears from the fibres, and remains only in the cells and their prolongations 
(Koelle, 1951). Cholinesterase in ganglia determined by chemical rather than 
by histological means is reduced to about one-half by preganglionic section 
(von Briicke, 1937). Axotomy should have no effect on the enzyme of the 
preganglionic fibres, but might perhaps cause a reduction of the cellular 
cholinesterase such that a local excess of acetylcholine could develop. Histo- 
chemical localization of the enzyme in axotomized ganglia might provide 
valuable information in this connexion. 

The significance of the results obtained for the synthesis of acetylcholine is 
obscure. The fact that synthesis in the normal low potassium medium is un- 
affected by axotomy, coupled with the finding that the output of acetylcholine 
from the ganglion on preganglionic stimulation is also unchanged, combine to 
suggest that the supply of transmitter is adequate under ordinary conditions. 
The mechanism by which potassium ions enhance the synthesis of acetyl- 
choline in normal tissues is not clear: that they have a direct effect on the 
synthesizing enzyme is certain, but it is also probable that in surviving tissue 
preparations, such as that used here, there are other effects as well. The failure 
of potassium to stimulate the synthesis in axotomized ganglia <= “me 
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that the tissue store of acetylcholine is more easily exhausted, or that it is 
more slowly restored; but it is difficult to see how this phenomenon can be 
invoked as an explanation for the observed transmission block. Neither does 
the finding indicate a defective movement of potassium ions, for the rate and 
extent of potassium turnover is unaffected by axotomy (McLennan, 1953). 
These experiments, then, show that changes in the anabolism and cata- 
bolism of acetylcholine are associated with section of the postganglionic axons 
of sympathetic ganglia. The question of their relation, if any, to the failure of 
ganglionic transmission must, however, await further investigation. 


SUMMARY 


1. The total cholinesterase content of axotomized ganglia is reduced to 
about one-half of that found in normal tissue. This represents a decrease in 
‘true’ cholinesterase, since ‘pseudo’ cholinesterase does not appear to be 
present in this tissue. 

2. The synthesis of acetylcholine in vitro is unaffected by axotomy, pro- 
vided that the ganglia are incubated in a medium containing a low (3 m.moles/1.) 
concentration of potassium. If the potassium concentration in the medium is 
raised to 27 m.moles/]. promoting a great increase in the synthesis by normal 
ganglia, no such increase is observed with the axotomized ganglia. 

3. These findings are discussed in relation to the observed failure of trans- 
mission through the ganglion consequent upon axotomy. 


I should like to thank Prof. G. L, Brown and Mr J. E. Pascoe for the interest they have taken 
in this work, and for Prof. Brown’s advice on the manuscript. 


REFERENCES 

Browy, G. L., McLennan, H. & Pasoon, J. E. — Failure of ganglionic transmission after 
postganglionic nerve nerve section. J. Physiol. 117, 28 
Brown, G. L. & Pascor, J. E. (1954). The of dagenertive section of ganglionic axon 

transmission through the ganglion. J. Physiol. 1238, 565-573. 
vow Britons, F. Tx. (1937). Tho J. Physiol. 89, 429-437. 
Kokg1xg, G. B.(1951). The elimination of enzymatic diffusion artifacts in the histochemical localiza- 
J. Pharmacol. 108, 153-171. 
MoLznnan, H. (1953). Potassium exchange in ganglia after postganglionic nerve section. 
J. Physiol. 121, 638-640. 
MoLzenwan, H. & Exxiort, K. A. C. (1950). thesis of acetylcholine 
brain slices. Amer. J. Physiol. 163, 605-6 Ba ty 


‘4 
Se 
« 
q 


117 


J. Physiol. (1954) 124, 117-129 


CHARACTERISTICS REQUIRED IN ELECTRICAL PULSES FOR 
STIMULATION OF THE RESPIRATION OF SEPARATED 
MAMMALIAN CEREBRAL TISSUES 


By H. McILWAIN 


From the Biochemical Laboratories, Institute of Psychiatry (British Postgraduate 
Medical Federation, Unwersity of London), Maudsley Hospital, S.E.5 


(Received 25 September 1953) 


The wide range of studies of response by isolated peripheral nerve to electrical 
stimulation has not been paralleled with separated parts of the mammalian 
brain. With peripheral nerve, maintenance in a potentially active state after 
complete separation from the body was demonstrated by electrical response to 
stimulation before it was found to be associated with metabolic changes. With 
separated fragments of the mammalian brain, the first indications of response 
to electrical stimulation have been metabolic (MclIlwain, 19514, 6; McIlwain, 
Anguiano & Cheshire, 1951; McIlwain & Gore, 1951). They have comprised 
the increase in respiration, glycolysis, inorganic phosphate and the decreased 
labile phosphates, which are associated with stimulation of the brain in vivo. 

The present studies aimed at characterizing the types of electrical pulses 
which were effective in bringing about such metabolic changes in separated 
cerebral tissues. These characteristics are relevant in judging whether the 
excitation in vitro is analogous to that occurring im vivo. Also, knowledge of 
them helps in devising conditions for observing any electrical response by the 
tissue in vitro, which itself would be one of the best means of judging the nature 
of the excited state in vitro and would greatly facilitate many aspects of study 
of the central nervous system. 

Of the metabolic changes caused in cerebral tissues by applied pulses those 
in respiration were chosen as most suited to the present studies, for the 
following reasons. Respiratory rate is a stable and dependable characteristic 
of cerebral tissues. It can be doubled in value by suitable electrical pulses. It 
can be measured continuously over periods of some hours and thus the effects 
of different electrical conditions on a single piece of tissue observed during 
different parts of this time. 
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EXPERIMENTAL 


_ Respiratory measurements. Cerebral cortex from guinea-pigs or rats was prepared as sheets 0-35 mm 
in thickness, in oxygenated phosphate- buffered salines with glucose as substrate (MoIlwain, 1951 a). 
The tissue selected was weighed on a torsion balance and its respiration followed manometrically 
in 3-5 ml. of saline in one of two types of electrode-vessel. The first, employed whenever possible, 
was vessel E of McIlwain (19515) in which 65-75 mg fresh weight of tissue as twenty or thirty 
fragments was floating freely between electrodes, which were concentric rings of platinum wire 
0-46 mm diameter plated with gold. The second, employed with sine-wave alternating current, 
was vessel A (McIlwain, 1951 a) in which 40-50 mg of tissue as a single rectangular sheet was held 
in an electrode formed by a grid of silver wires (Ayres & Mollwain, 1953). In both cases the volume 
of the vessel was about 20 ml., and about six such vessels with tissue from the same animal were 
prepared together and placed in a thermostat at 37-5° C, 20-30 min after death of the animal. Ten 
minutes later the first readings of oxygen pressure were taken and these continued to be taken at 
5 min intervals throughout the experiment. 

Electrical pulses. Condenser pulses were alternating, without d.c. component, and were supplied 
and measured by instruments of the type described by Ayres & McIlwain (1953). Voltage-time 
relationships of the pulses were displayed throughout the experiment on cathode-ray tubes. By 
switching devices pulses could be supplied to one or all of the six vessels, Interrupted series of 
pulses were obtained from the continuous series delivered by the instrument, by an interrupter. 
This depended on a Carpenter relay (polarized, both sides stable) driven by two neon relaxation 
oscillators whose characteristics could be varied independently. Contacts of the Carpenter relay 
operated two Siemens high-speed relays which carried impulses to the experimental vessels or 
during ‘off’ periods to a balancing impedance. 

Sine-wave alternating current of varying frequency and amplitude was derived from a beat 
frequency oscillator (Birmingham Sound Reproducers) and its characteristics again were observed 
with an oscilloscope during experiments. When sine-wave a.c. at 50 c/s and at virtual voltages 
between 0-1 and 3 V was applied to electrodes in the present vessels, the current flowing in any one 
vessel was almost exactly proportional to the potential applied except when this was below 0-15 V 
(Ayres & McIlwain, 1953). 

Presentation of resulta, Tissue weights are throughout those of the moist tissue after draining 
from adhering saline; dry weight was 0-14 of the moist weight. Readings of pressure in the experi- 
mental vessels, corrected by those of a thermobarometer, were multiplied by a vessel constant and 
divided by tissue weight to give data, in wmoles O,/g, which was plotted as shown in Fig. 1; 
oxygen uptake is shown as a positive value. 

Changes in respiratory rate associated with different electrical conditions are clearly seen in 
Fig. 1. Rates were read from such graphs and those during excitation expressed as a percentage 
of those in absence of excitation. Given electrical characteristics were always examined in at 
least four vessels with material from at least two animals. The consistency of electrical charac- 
teristics and respiratory responses in series of vessels including those used in the present experi- 
ments has been reported (Ayres & McIlwain, 1953). Stimulated respiratory rates, expressed as 
percentages of unstimulated rates in groups of such experiments, showed standard deviations 
between the individual values which averaged 8% of stimulated value. The standard errors of 
means in individual experiments are shown in Figs. 2 and 3 of the present paper. 

Respiratory readings on application of pulses may show not only a changed rate but also a small 
initial displacemént, as in the ‘continuous’ periods of curves A and B, Fig. 1. This represents 
a volume change due to increase in temperature by a few hundredths of a degree (McIlwain, 1951 a). 
A corresponding contraction occurred on switching off the pulses. No displacement is seen in the 
‘interrupted’ periods when the electrical energy expended in the vessels was reduced by four-fifths. 
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Fig. 1. Respiratory rate of guinea-pig cerebral cortex with impulses of different types. A, B and 
C: respiration in three vessels of an experiment in which were compared the effect of con- 
tinuous and interrupted series of pulses, Pulses: exponential, alternating, at 100/sec and of 
time-constant 0-4 msec and peak potential 18 V. Interruption: of 1 sec each 1-25 sec. All 
vessels contained fragments of guinea-pig cerebral cortex between concentric electrodes of 
electrodeposited gold. A : initial 30 min period without pulses ; these then applied continuously, 
then with interruption, then switched off. B: periods without pulses; then with interrupted, 
then with continuous pulses; then switched off. C: no pulses. The complete experiment 
comprised three similar additional vessels and the six were set up in the order C, B, A, A’, B’, 
OC’. Dand E: data with two vessels of six of an experiment to determine threshold to pulses 
of 1 msec duration, using slice-fragments between concentric electrodes of electrodeposited 
gold. Pulses of the characteristics indicated were applied continuously at 100/sec during the 
periods shown. Abcissae of B, C and £ displaced for convenience in the diagram. 


RESULTS 
Condenser pulses 

Voltage and response. Dependence of respiratory response on voltage of 
applied pulses was studied first in condenser pulses of time-constant 0-4 msec, 
delivered at 100/sec to tissue between concentric electrodes. Fig. 2 shows the 
relationship found. A fairly defined threshold voltage is seen, beyond which 
response increased at first rapidly and then more slowly, to a maximum value 
nearly double the original rate. 

The potential between electrodes in such experiments changes gradually in 
the saline which surrounds them, and also abruptly at the metal-saline inter- 
face (Ayres & McIlwain, 1953). When electrodes otherwise similar are further 
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apart, the abrupt potential fall does not change much in value, but the gradient 
and current density in the saline fall about in proportion to the distance apart. 
The gradient also increases nearly in proportion to increase in applied poten- 


100 


0 1:0 
Oe Peak potential gradient (V/mm) 
0 5 10 15 20 
Peak potential (V) 


Fig. 2. Respiratory response to condenser pulses of varying voltage in vessels of different sizes, 
with concentric electrodes. Each point is the mean of six values (two results in each of three 
vessels), and the vertical lines extend from the point for a distance equal to the standard 
error of the mean. Pulses: alternating, of time-constant 0-3 msec, and 100/sec. Small 
vessels (CQ): distance between electrodes, 5-3 mm; large ones (@), 105mm. Results in 
A are derived from graphs such as those of Fig. 1; those of B used also the data of Ayres & 
MclIlwain (1953) on relations between applied potential and potential gradient in solution. 


tial. Fig. 2 shows potential-response curves in vessels of different sizes. These 
- indicate that when the inter-electrode distance was doubled, @bout double the 
applied potential was required for a given degree of respiratory stimulation. 
Thus potential gradient or current density rather than applied potential are 
the factors conditioning response, and a gradient-response curve in Fig. 2B 
indicates a threshold gradient of about 0-2 V/mm for pulses of time-constant 
0-4 msec, at 100/sec. 

Independence of changes close to the electrodes was also shown in an 
experiment in which electrodes of vessels E were coated with a 4°%, agar gel 
about 0-5 mm in thickness. Response was little changed. 
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The form of the voltage/response and voltage gradient/response curves has 
not been analysed in detail because it appears likely to involve characteristics 
not only of the tissue but also of the field established between the electrodes. 
Some of the difficulties in making this uniform have been indicated elsewhere 
(McIlwain, 19516; Ayres & McIlwain, 1953). The tissue contains histologically 
distinct entities. If these differ much in threshold, such heterogeneity will also 
contribute to the shape of the curves of Fig. 2. 
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Fig. 3. Respiratory response to condenser pulses of varying duration, expressed as in Fig. 2. The 
time-constant of the pulses is quoted in msec in the figure; they were alternating and of 
100/sec between concentric electrodes 10-5 mm apart. 


Duration and response. Response at a given voltage depended on the dura- 
tion of the applied pulses. This is shown in Fig. 3 for pulses delivered with 
a frequency of 100/sec. The voltage required for a given degree of response 
decreased as the pulse lengthened from 0-01 to 0-4 msec; further lengthening 
to 1 msec did not significantly affect the response. Response at a given voltage 
is plotted against duration in Fig. 4. Over a considerable range the respiratory 
increase bears an almost linear relationship to the duration of the pulses. 

Frequency. Brief pulses gave measurable excitation when repeated at high 
frequency (Fig. 4). Respiration increased about 18% when pulses of time- 
constant 0-01 msec and peak potential 18 V were repeated at 1000/sec. When 
repeated at this voltage at 10/sec the respiratory response was very small 
(2:5+4%). Comparison of response to pulse of up to 0-4 msec duration and 
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at 3 and 10/sec shows respiratory increase to be nearly proportional to 
frequency of pulses, but at higher frequencies the increase is much less than 
would be expected on this basis. 


1000 


0 10 20 4 
Frequency/sec x time-constant (msec) 


Fig. 4. Respiratory response to condenser pulses of varying frequency and duration, and at 18 V - 


peak potential (peak potential gradient: 1-8 V/mm). Frequency (c/s) is quoted on the diagram. 


Response is plotted in Fig. 4B against the product of frequency and dura- 
tion of the pulses. Results with pulses at 3 and 10/sec are then barely dis- 
tinguishable; at 100/sec and at higher frequencies the pulses are in this sense 
relatively less effective. This might represent the effect of a refractory period 
or of an overlapping of the respiratory response to one pulse with that to the 
next, and such possibilities are considered below. 

Interrupted series of pulses. Preceding experiments have concerned pulses 
applied at chosen rates for periods of 30-60 min. When pulses at 100/sec were 
delivered in groups separated by periods of a second or a minute without 
pulses, results of Fig. 5 were obtained. The pulses were of peak potential 18 V 
and time-constant 0-4 msec and gave maximal respiratory stimulation when 
applied continuously. When the intervals between the bursts of pulses were 
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sufficiently short, the increased rate was little affected by the interruption. It 
fell only some 14%, when pulses were applied for 0-2 sec during each second, 
and less when they were applied for 0-05 sec during each 0-25 sec. 
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Fig. 5. Respiratory change caused by interrupted pulses. A: guinea-pig cerebral cortex with 
pulses at 100/sec, time-constant 0-4 msec, peak voltage 18 (@) and 10 (A). Respiratory 
rates given at zero interval represent continuous stimulation; at all other intervals impulses 
were applied for one-fifth of the total time. 3B: ‘Additional respiration’ R, (see text) 
observed with pulses of peak potential 18 V applied as in A above and interrupted for 
different periods. The straight line is that of best fit to the first five points. 


When the time for which pulses were applied was maintained at one-fifth 
of the total and the periods both with and without pulses were lengthened, the 
respiratory responses fell. Thus values for respiration with intervals of 8 or 
40 sec differed little from 119% of the value in absence of pulses: this is the 
value to be expected if the effect of the pulses was proportional to the time 
during which they were applied. Greater effect when the same number of 
pulses were delivered in briefer and more frequent bursts, was observed with 
pulses giving submaximal stimulation as well as with those giving maximal 
effect (Fig. 5.4). Return to ‘normal’ response by the tissue was at first 
approximately exponential (Fig. 5B) with a time-constant of about 3 sec. 
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In interpreting these experiments, it is to be noted that the response is measured of necessity 
over much longer periods than those of the interruptions in the series of pulses. Increased respira- 
tory rate to uninterrupted series of pulses is established in a time less than (possibly much less 
than) 1 or 2 min, and then is maintained for 30 or 60 min during which measurement is made. 
Consequently with the present observations the effect of the successive bursts of impulses can be 
assumed to be similar in each cycle. This is probably not true during the first few such cycles, but 
the effects of these are not measured. 

The following values have been used in constructing Fig. 5 B. The unstimulated respiratory rate 
Ra is increased by a fraction J, observed to be 0-93, by maximal stimulation. menpnneny uate 
during stimulation for one-fifth of the total time and with intervals of abouta mi , 
to Ry + 1/5, i.e. 1-19R,. At briefer intervals, ‘additional respiration’ was observed at the rate R, 
defined so that total respiratory rate (R,/Rz) is plotted against the 
unstimulated interval 7’, in Fig. 5B, and compared with a line expressing the relationship 
~ logy, (R,/Rz) =0-18 +0-167,, which would imply an exponential fall in R, of the type 
R, =0-662R, e-™/« and in which the time-constant a is found to have a value of 2-7 sec. The 
figure shows that the normal respiratory reaction to pulses can be regarded as returning at this 
rate during the first few seconds after pulses have been applied. 


Sine-wave alternatung currents 

Voltage-response curves at a number of different frequencies are shown in 
Fig. 6. Reasonably well-defined threshold potentials (£) were observed, which 
changed markedly with frequency (n). In common with other excitable systems 
an optimal frequency was observed at which excitation occurred with minimal 
voltage. This can be seen to be at about 100 c/s. The findings were examined 
by assuming a relationship for threshold potential similar to that obtaining in 
peripheral nerve between threshold currents at different frequencies (Hill, 1936 ; 
Katz, 1939), that is that #/Z, was proportional to (1 + }12n?A?) (1 + 42*n?k*). 
Plotting values for H* against n* and 1/n* gave only approximately linear 
relationships at high and low frequencies respectively. Values corresponding to 
the time-factors k and A so obtained were 5-9 x 10-* and 4-5 x 10-* sec. These 
gave rheobasic voltage as 0-37 V and the optimal frequency, 80 c/s. From these 
values the relationship to be expected between E and n was calculated and is 
shown by the line in the lower part of Fig. 6. Its agreement with the points, 


considering the excellent fit which can be obtained with peripheral nerve, is 
approximate only. 


DISCUSSION 

Relationships among the present results. Dependence of metabolic response 
on varying pulse type has rarely been observed in other excitable systems in 
the detail now reported for cerebral tissues, largely because electrical response 
when it can be measured gives more information more easily. The changes now 
observed are the cumulative effect of some 10-10® pulses; even at threshold 
probably some 10*-10* of these would have to be effective for respiratory 
response to be observed. Respiration so observed is thus a relatively indirect 
measure of the tissue’s activity and one may, from the point of view of the 
present studies, commence interpretation of the respiratory response by 
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regarding it as secondary to ionic changes whose more immediate manifesta- 


tions in the whole brain are seen electrically. From other points of view the 
respiratory response is complementary to electrical response, one representing 
energy-yielding and the other energy-consuming processes. 
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Fig. 6, Above: change in respiration of guinea-pig cerebral cortex caused by sine-wave alternating 
current of varying frequency and potential. Frequency (c/s) given by numbers adjacent to 
curves. Below: dependence of threshold voltage for respiratory response on frequency of 
applied a.c. The points represent experimental values derived from the diagram above; the 
line is not drawn through the points but from theoretical considerations given in the text. 


The simplest relationships observed above are the direct proportionalities 
within suitable ranges of values, between response and both frequency and 
duration of applied condenser pulses. Regarding an effective pulse as de- 
polarizing the tissue, the associated ion exchange could be proportional to the 
frequency and the duration of such depolarization, and require for restoration 
4 proportional increase in respiration. Quantitative aspects of this relationship 
may be derived from Fig. 4. This shows that at low frequencies of stimula- 
tion, the product: frequency/sec x time-constant of pulse (msec) ‘is propor- 
tional to respiratory response. For each increment of 1-0 in this product, 
respiration increases by about 20%. The time-constant of the pulse bears an 


} 
50 
| 
| 
i 
J 
| 


126 H. McILWAIN 


unknown relationship to the time during which its influence is exerted, but 
within a factor of 2 or 3 may represent the time during which the pulse is 
effective. It would then appear that depolarization of the tissue for about 5}, of 
a given time can cause its maximal respiratory response of about 100% of the 
resting respiratory rate. This is about 70 ~moles O,/g fresh wt./hr. As this 
relationship implies, the additional oxygen uptake per pulse varies widely with 
characteristics of the pulse. The values of Fig. 4A give for such uptake, values 
between 3 mumoles O,/g/pulse (of 18 V peak potential, 1 msec duration, at 3/sec) 
and 10 pumoles O,/g/pulse. 

A well-defined threshold voltage is seen in the present experiments, above 
which respiration greatly increases with increase in applied potential. Com- 
paring this finding with that of Hodgkin & Huxley (1952), that ion flux in the 
squid axon commences in regions of depolarization when stimuli are still 
subthreshold, it may be suggested that some measure of spread of effect occurs 
in the cerebral tissue as occurs with a transmitted impulse, though transmis- 
sion has not yet been observed electrically. Other evidence speaks against 
much spread of effect, and among this is the finding that response is directly 
proportioned to the product of duration and frequency of pulse over a con- 
siderable range of values. Also, a large proportion of the tissue must be in 
a region of high voltage gradient for maximum response (McIlwain, 19514). 

Increase of respiratory response with voltage of pulse above threshold is 
not far from linear up to an increase of some 70%. Several factors could give 
results tending in this direction: the exponential voltage-time relationships 
inherent in condenser pulses; the combination of voltage-duration factors 
needed for excitation; the lack of uniformity of the field to which the tissue is 
exposed ; and heterogeneity in responsive tissue elements. Expressed as voltage 
gradient, threshold to condenser pulses is similar to that to sine-wave alter- 
nating current. Response to alternating current at a given voltage begins to 
fall at a frequency—some 80 or 100 c/s—comparable to that at which con- 
denser pulses become proportionally less effective. 

Comparison with electrical excitation of the brain in vivo. In several respects 
requirements for obtaining motor and other responses by stimulating the 
intact brain are similar to those now found necessary for respiratory response 
in the separated tissue. Condenser pulses of time-constant 0-2-0-4 msec 
applied to electrodes 3-8 mm apart on the exposed cerebral hemispheres of the 
monkey were required at 5-20 V for response (Rosenblueth & Cannon, 1941). 
Sine-wave currents of 60 c/s applied to electrodes 1 mm apart on the cortex of 
the cat or monkey were required at 1-6 V for excitation (Bailey & Sweet, 1940). 
Also in the monkey, sine-wave currents gave motor responses from the pre- 
central gyrus at minimum voltage (Hines, 1940) when delivered at 90 c/s. 

Certain recovery processes measured electrically in components of the 
central nervous system (Eccles, 1953) can occupy periods of time comparable 
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to those during which respiratory response by cerebral tissue was found to be 
altered after a burst of impulses. Respiratory response, however, outlasts 
electrical response in most systems. Observing convulsive discharge electro- 
encephalographically following application of potentials to the whole head of 
rabbits, Toman, Swinyard, Merkin & Goodman (1948) found a just sub- 
threshold shock to facilitate a second shock occurring within 2 sec after it. 
Recovery after a seizure induced in this way can require periods of many 
minutes and the seizure undoubtedly involves phenomena not now reproduced 
in vitro. Thus the high level of activity represented by the seizure can be 
maintained for brief periods only, whereas the active state now induced in 
vitro, like a normal level of in vivo activity, can be maintained much longer. 
Actual respiratory rate im vitro with pulses can reach a level close to that 
estimated for comparable tissue at a normal level of activity in vivo (McIlwain, 
1954). 

Comparison with metabolic response in other systems. Respiratory response 
in separated peripheral nerve (Fenn, 1927; Gerard, 1927; Meyerhof & Schulz, 
1929; Schmitt, 1929; see Gerard, 1932, and Hill, 1932) is also of the same order 
of magnitude as resting respiration. With frog sciatic (at 10-20°) this is about 
one-thirtieth and with rabbit sciatic (at 37°) about one-fifth of the rates now 
recorded with cerebral tissues. Also, as found with cerebral tissues, respiratory 
response of frog sciatic nerve (Brink, Bronk, Carlson & Connelly, 1952; see 
Gerard, 1932) and of the stellate ganglion of cats (Larrabee & Bronk, 1952) 
can be directly proportional to frequency of stimulation. This extends to 50 or 
150 pulses/sec in the frog nerve, when the additional oxygen uptake per pulse 
(see p. 126) was about 10 ~umoles/g tissue. In the stellate ganglion, of which 
the respiratory rate is closer to that of cerebral tissues, the proportionality 
extends to about 10 pulses/sec, as seen in cerebral tissues. 

Respiration of the nerve and ganglion after their stimulation continued at 
an increased level for much longer than did that of cerebral tissues. Persistence 
for some 15 min in the nerve led to pulses applied for some 20 sec each 4 min, 
giving a response large in proportion to the resting level (Gerard, 1932). 
Brink et al. (1952) found the fall in respiration from its stimulated level to be 
exponential, with a time-constant of 10-20 min, while in the ganglion this 
was about 4 min (Larrabee & Bronk, 1952). Persistence for these periods 
clearly did not occur in the present experiments, for it could have been directly 
observed. In contrast, the indirect measure obtained for changed respiratory 
response after a burst of impulses in the present experiments, decayed with 
a time-constant of about 3 sec. The present experiments are not adequate to 
assess the contribution made to this by a refractory period in the ordinary 
sense or by a period of persistence of respiratory response. In either case, 
however, present and other findings with cerebral tissues show a much prompter 
association between stimulation and the rise and fall of respiratory rate, than 
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has been observed in the other systems. This is in agreement with the greater 
sensitivity of the brain in vivo to related metabolic hazards. 

Heat evolution by stimulated peripheral nerve follows in some 
a similar course to respiratory increase (Gerard, 1932; Hill, 1932) and again 
persisted in frog nerve some minutes after electrical stimulation (Downing, 
Gerard & Hill, 1926; Bronk, 1931). In frog nerve the heat evolved increased 
with increasing frequency of applied pulse in a similar fashion, and over 
Hill & Zotterman, 1927). 

SUMMARY 

1. Suitably applied condenser pulses and sine-wave alternating currents 
increased respiratory rates of slices of cerebral tissue immersed in oxygenated 
glucose salines, to double their initial values. With given pulse characteristics, 
response depended on the potential gradient established around the tissue 
rather than on actual voltage applied. 

2. Response was small below, and rose sharply above, a threshold voltage 
gradient which for condenser pulses of time-constant 0-4 msec at 100/sec was 
0-15 V/mm. Threshold to condenser pulses at 100/sec decreased as their time- 
constant increased from 0-01 to 0-4 msec but at 1 msec was the same as at 
0-4 msec. 

3. Response to condenser pulses of peak potential gradient 1-8 V/mm and 
at 3 or 10/sec increased linearly with the product of frequency and time-con- 
stant to 170% of the resting value. At higher frequencies smaller responses 
were associated with a given value for this product. 

4. When pulses at 100/sec were interrupted briefly, respiration could remain 
high. The refractory state or state of persisting respiration represented by 
this, reverted to normal with at first a time-constant of about 3 sec. 

5. Sine-wave currents were most effective in respiratory stimulation at 
80-100 c/s. Threshold voltage rose at first gradually and then more sharply 
between the optimum and 10 or 3000 c/s. 

6. Many points of similarity are noted between these findings and stimula- 
tion of the central nervous system in vivo. 


I am greatly indebted to Mr P. Ayres, Mrs O. Forda and Miss P. Joyce for assistance during 
different parts of these studies; to the Board of Governors of the Bethlem Royal Hospital and the 
Maudsley Hospital for a grant from the Hospital Research Fund for purchase of apparatus; and to 
Prof. B. Katz for his comments on the manuscript. 
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OBSERVATIONS UPON THE EFFECTS OF REPEATED 
STIMULATION UPON ROTATIONAL AND 
CALORIC NYSTAGMUS 
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It has been recognized for many years that repeated angular acceleration of 
the head about its vertical axis brings about a progressive reduction of the 
resultant nystagmus. 

The practical importance of this phenomenon is that it introduces a serious 
source of error into the quantitative assessment of the results of the turning 
tests in common use for the clinical investigation of vestibular function. The 
first clear account of the phenomenon appears to have been given by Griffith 
(1920) who used the conventional Bérfny test in which the subjects were 
rotated at a constant velocity of 180° sec-! for ten turns and suddenly brought 
to rest. Each subject was tested daily, five tests being applied with rotation 
to the left, and five with rotation to the right, while the individual beats of the 
post-rotatory nystagmus as seen by an observer were recorded on a smoked 
drum. Griffith found that nystagmus decreased considerably during the course 
of the first day’s testing and thereafter more slowly in the following 30 days. 
He reports an average decrease in the duration of the response of 79% but 
refers to wide individual differences among his subjects. In a later publication 
(1924) he states that the decline in the response is persistent, and reports that — 
in his own case these had not recovered after a rest interval of 4 years. 

In a similar study with rabbits, Lumpkin (1927) reports that the response 
declined over a period of 1 week and during the course of the following 3 weeks 
_ Maintained a constant level. He too reports no recovery. 

Mowrer (1931) recorded the head nystagmus of pigeons following a stimulus 
consisting of a rapid acceleration to a velocity of 180° sec-+ followed by a 
period at constant velocity for fifteen turns followed again by a rapid decelera- 
tion to rest. Each bird was tested 6 times a day over a period of 32 days. 


* Working with a grant from the Medical Research Council. 
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Mowrer found that repeated tests of birds with the eyes closed caused a con- 
siderable fall in nystagmus which did not occur with the eyes open. 

The origin of the phenomenon has been the subject of much speculation and 
controversy and has been variously attributed to fatigue or adaptation, these 
terms being generally applied without any clear specification of their implied 
physiological characteristics. In addition, Dodge (1923) has attributed the 
response decline to a third mechanism which he has termed habituation. 

The present investigation has been undertaken to confirm and systematize 
our existing information upon the phenomenon and to obtain further experi- 
mental data bearing upon its nature and physiological mechanism. All the 
investigations previously reported have involved the application of stimuli 
which are far in excess of what is now considered to be the normal physiological 
limits of the cupula, and must for this reason be likely to involve its injury. 
Groen & Jongkees (1948), for example, have shown that a stimulus such as 
that involved in the Bérdny test, i.e. a sudden stopping from a velocity of 
180° sec4, produces severe and lasting derangement of the responses to sub- 
sequent clinical tests of vestibular function, and consider this derangement to 
be due to pathological changes, Their own tests have been confined to stimuli 
no greater than a stopping velocity of 60° sec-! calculated to produce a 
cupular deflexion of approximately 6°. In the investigations which follow we 
have restricted the stimulus used to one calculated in the human subject 
to produce a deflexion of the order of only 3°. This, as will be seen, is less than 
the maximal stimulus used by Groen & Jongkees, and very considerably 
below that used by previous investigators. 

Our experiments have been on rabbits. In the first part of this paper 
nystagmic responses to repeated stimulation by rotation are considered ; in the 


second, those to caloric stimulation. 


PART I. ROTATORY STIMULATION 


APPARATUS AND EXPERIMENTAL PROCEDURE 

We used a revolving chair of new design, described elsewhere by Hallpike, Hood & Byford (1952), 
which permits the application of accurately controlled acceleration for long periods of time followed 
by prolonged rotation at constant velocity and subsequent deceleration to rest. Provision is made 
for the observation of nystagmus during rotation by means of an optical system which gives a 
stationary image of the eye to a stationary observer. The animal was tied upon a board with its 
head immobilized by means of a modified type of Czermak head clamp. So arranged, the animal’s 
head was raised some 30° above the horizontal in order to bring its horizontal canals into the plane 
of maximal reactivity, with its vertical axis coincident with the axis of rotation. In this position 
a magnified image of the animal’s eye could be seen by the observer. Each nystagmic beat was 
recorded by pushing a button which made a sharp deflexion of the trace of a simple pen recorder. 

In all the tests which follow, we have confined ourselves to a standard test procedure. This 
consisted of an acceleration of 5° sec-* for a period of 10 sec followed by a period of rotation at 
constant velocity for 60 sec. The chair was then decelerated to rest at 5° sec~*, Nystagmus was 
recorded as described on both the acceleration and the deceleration, and a typical record is shown 
in Fig. 1. 
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RESULTS 


In the initial series of experiments each rabbit was subjected at each session 
to four such standard tests with an interval of 1 min between each test, 
twice with the chair rotating to the right and twice to the left. Since each test 
consisted of an acceleration followed by a deceleration, it will be seen that the 
complete test sequence involved the application of eight stimuli. 
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Fig 


1, Typical record showing nystagmic response to angular acceleration and deceleration 
of 5° sec~* for 10 sec with intervening period of rotation at constant velocity for 1 min. 


(2) (b) 


Fig. 2. (2) Reduction in number of nystagmic beats in four rabbits subjected to repeated angular 
accelerations at intervals of 2 days. Each point is the average of the responses from the 
eight stimuli, each of 5° sec~* for 10 sec, applied at each session. (6) Further reduction in ) 
number of nystagmic beats in the four rabbits with continuation of repeated daily tests — 
following a rest period of 2 weeks. 


Each record was analysed under the following headings: 
(1) Number of nystagmic beats. 
(2) Duration of nystagmus. 
(3) Latent period before the onset of nystagmus. 
Eight rabbits were used and were tested in this way at 2-day intervals. The 
results obtained in four of the animals are graphically recorded in Fig. 2(a). 
Each point on the curves represents the average response for the eight stimuli 
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administered at the particular test. The vertical scale refers to the average 
number of nystagmic: beats while the time period covered by the experiment 
is represented on the horizontal scale. It will be seen that in three of the 
animals the responses pursued a steep downward course, their final values 
being considerably below their initial values. In the fourth animal the down- 
ward trend of the responses was less marked. 

Analysis of the records obtained in this set of experiments showed a similar 
decline in the total duration of the nystagmic responses. This is graphically 
represented in Fig. 3. 

Following a rest period of 2 weeks these same four animals were tested again, 
every day over a period of 2 weeks. The results are shown in Fig. 2(b). This 
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Fig. 3. Reduction in duration of nystagmus in the four rabbits under test conditions 
as for Fig. 2. 


shows that during the rest period, no recovery took place and that with further 
repetition of the tests the responses declined still further and finally reached 
a low and fairly constant level. The total amount of the response decline to its 
final low level averaged 85%. 

It seems evident, therefore, that no recovery took place during the com- 
paratively long rest period of 2 weeks, and that the time which elapses between 
successive tests can, accordingly, play little part in determining the progress 
of the response decline. In order to confirm this we carried out a further set of 
investigations upon seven previously untested rabbits. Four of these rabbits 
were tested in the manner described above at intervals of 1 week over a period 
of 7 weeks. The results from one of these four are shown in Fig. 4. Here again, 
each point represents the average response for the eight stimuli administered 
at each session. In the three remaining animals the standard test was applied 
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repeatedly at intervals of 1 min for periods of time of the order of 45 min with 
the chair rotating alternately to the left and right. 

In one of these three animals this test period was followed by a rest period 
of 2 hr and thereafter by a further test period of 45 min. A further rest of 20 hr 
was given, followed again by a further test period. The results for this rabbit 
are given in Fig. 5. Each point represents the average response for every group 
of four successive stimuli. 

30 


Fig. 4. Reduction in number of nystagmic beats in a rabbit subjected to repeated angular 
accelerations at intervals of 1 week. Each point is the average of the responses from the eight 
stimuli applied at each weekly session. ; 


Fig. 5. Reduction in number of nystagmic beats in a rabbit subjected to repeated angular accelera- 
tions at intervals of 1 min for three periods of 30-45 min with intervening rest periods of 
2 and 20 hr. Each point is the average of the responses from each group of four successive 
stimuli. 


In all seven rabbits the response decline was found to follow a very similar 
course. It would seem, therefore, that the frequency of application of the tests 
is of relatively little importance in determining the course of the response 
decline. Instead, the vital factor is the number of tests which are performed. 

This fact is clearly shown in Fig. 6 in which are given the results obtained in 
three rabbits, one tested repeatedly at intervals of 1 min, the second at intervals 
of 1 day and the third at intervals of 1 week. The details of the tests are given 
as follows. 

Rabiit. 1. One standard test as specified on p. 131, giving two stimuli, was 
applied repeatedly at intervals of 1 min for three periods of 30-45 min during 
a total period of 24 hr. The results obtained are those shown in Fig. 5. Twenty- 
eight tests in all were applied giving a total of fifty-six stimuli. 
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Rabbit 2. A succession of four standard tests at intervals of 1 min was 
applied daily for 7 days again giving a total of fifty-six stimuli, broken up into 
daily groups of eight stimuli. 

Rabbit 3. A succession of four standard tests at intervals of 1 min was 
applied weekly for 7 weeks again giving a total of fifty-six stimuli, broken up 
into weekly groups of eight stimuli. 

Each series of fifty-six stimuli was divided into fourteen successive groups 
of 4, and the average response for each group estimated. 

These average values expressed as usual in terms of the number of nystagmic 
beats are recorded upon the ordinates of Fig. 6 while the fourteen groups are 
represented in numerical order upon the abscissae. 

Since the shape of all three curves is very similar, we may conclude that the 
physiolgical mechanism which brings about these considerable reductions in 


Fig. 6. Reduction in number of nystagmic beats in three rabbits tested as follows: @—@, no. 1: 
every minute for three periods of 30-45 min during 24 hr (see Fig. 5). §§-—{, no. 2: daily for 
7 days. O—O, no. 3: weekly for 7 weeks (see Fig. 4). Each point is the average of the responses 
from each group of four successive stimuli. 


the nystagmic responses arises from the summation of the effects of all pre- 
ceding stimuli irrespective of the time interval between them. Moreover, the 
effect is a lasting one since in rabbits tested after a rest interval of more than 
a month no evidence of any recovery process has been observed. 

Many hypotheses have been advanced in explanation of the response decline 
which we have observed and in the discussion which follows it will be designated 
for convenience as the R.D. phenomenon. 

It seems unjustifiable to attempt its explanation in terms of adaptation if 
this term is restricted to the process described by Matthews (1931) in the case 
of single muscle end organs. Matthews found the phenomenon to be an 
essentially transient one with certain highly characteristic features which have 
been confirmed by Hood (1950) and Hallpike & Hood (1953) in the cases of the 
sense organs both of the cochlea and the cupula in the human subject. 

Fatigue has also been suggested as a possible explanation. This term, too, 
if its use be restricted to the phenomenon specified by Bronk (1929), would 
appear to be quite inapplicable to the k.D. phenomenon. Bronk’s observations 
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make it clear that the effects of fatigue, although less transient than those of 
adaptation, do not approach the very long lasting and apparently irreversible 
character exhibited by the r.p. phenomenon. 

The long persistence of this R.p. suggests that it may be due to some 
structural damage of the cupular mechanism itself. It is, however, difficult to 
accept this explanation in view of the mild character of the stimuli used. 
Quantitative data upon this important point have been given earlier in this 
paper and additional evidence appears to be provided from our observations 
upon the latent period of the response. Van Egmond, Groen & Jongkees (1949) 
have clearly demonstrated the existence of a minimal perceptible deflexion of 
the cupula, about 0-25° in man, below which no sensation of turning can be 
elicited. The time which elapses between the onset of the stimulus and the 


Tasxz 1. Latent period of nystagmic responses to repeated rotational stimuli (sec) 


Rotation to right Rotation to left 
Test A Test A 
no. Ace. Dec, no. Acc. Dec. 
1 3 2-5 2 3 2-5 
3 3-5 3-5 4. 2-5 2-5 
5 2-5 2-5 6 2 3-5 
7 2-5 2-5 8 2 3-5 
9 3 3 10 2 3 
ll 4 3 12 2-5 4 
3-5 2-5 14 3 3-5 
15 3 3 16 3 4 
17 3 2 18 2-5 3 
19 3-5 20 2-5 2-5 
21 3 3-5 22 3-5 2-5 
23 2-5 4 24 3-5 3 
25 3 3 26 3 3 
27 1-5 3-5 28 2-5 2 
29 2-5 3 30 3-5 2 
31 2-5 3 32 3 2 
33 3 3 34 2 2-5 
35 3 3-5 36 3 2 


onset of sensation, the so-called latent period, represents the time taken by 
the cupula to reach this minimal perceptible deflexion. A similar but longer 
latent period also exists for the onset of vestibular nystagmus. 

Loss of cupular sensitivity brought about by structural damage due to the 
use of excessive stimuli would seem almost certain to increase its minimal 
perceptible deflexion and hence would lead to an increase of the latent period. 
Our observations, however, do not reveal any such increase, as shown in 
Table 1. In this are given the results for one rabbit in which the responses fell 
by 90%. It will be seen that the latent period has remained unaltered through- 
out the period of the tests. This has been a constant finding in all the rabbits 
we have tested. 

In view of these findings it seems safe to say that the mechanical efficiency, 
at any rate, of the cupular mechanism, has been maintained unimpaired 
throughout the tests despite the response decline. This consideration leads us 
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to believe that in the R.p. phenomenon we have to do with a complex central 
process which does not appear to have any clear counterpart elsewhere in the 
field of experimental psychology. In this connexion the observations of 
Griffith (1920) are of some interest. He observed that following violent 
exertion on a warm day the nystagmic responses of his subjects, reduced to 
a low level by previous rotational stimuli, underwent a dramatic increase with 
restoration of the initial high responses. This restoration, however, was only of 
a transitory nature and the responses soon fell to their previous low level. 

These observations find an interesting corollary in the investigations of 
Hallpike, Harrison & Slater (1951) upon abnormalities in the caloric test results 
in certain varieties of mental disorder. These authors found that in thirty-five 
cases of anxiety neurosis the caloric responses exceeded the normal, a finding 
which it seemed possible to attribute to a state of chronic sympathetic over- 
action associated with the patient’s mental disorder. 


TaBLE 2. Reduction of the phenomenon by adrenaline 
Initial high Response before after 


Rabbit No. of Nystagmus No. of Nystagmus No. of Nystagmus 


no. beats duration (sec) beats duration (sec) beats duration (sec) 
2 8 6-5 2 1 4 45 
4 45 24 7 5-5 24 15 
5 30 14 3 3-5 12 9 
9 34 15 2 3 6 13 


With these considerations in mind we have investigated the effects of 
adrenaline in restoring, in four rabbits, the responses which had fallen as a 
result of previous rotatory stimulation to a very low level. These we tested in 
the usual manner before and after intravenous injection of 0-3 ml. 1/10,000 
adrenaline. The results are shown in Table 2. 

It will be seen that in all cases the injection of adrenaline brought about 
immediate restoration of the responses but not to the initial level. This restora- 
tion was, however, only temporary and when the animals were tested on the 
following day the responses had relapsed to their previous low level. There 
would seem, therefore, to be some correlation between these findings and the 
observations of Griffith. It is of interest also to note that we have at times 
observed temporary increases in the responses in certain particularly nervous 
animals when they have been in an excited condition. 

Whether or not the r.D. phenomenon can be regarded as the physiological 
antithesis of these observations, resulting, that is to say, from a progressive 
inhibition of sympathetic activity accompanying a decline of nervous excit- 
ability, must remain a matter of conjecture. It seems likely, however, that its 
mechanism involves complex central processes and this we have investigated 
by observations upon the effects of anaesthesia. A typical experiment 1s 
described as follows: 
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One rabbit, previously untested, was anaesthetized with ether and subjected 
to repeated tests at 1 min intervals over a period of 45 min. Following a rest 
of 1 hr, during which the animal regained full consciousness, it was again 
subjected to repeated testing for a further period of 45 min. Both responses 
are shown in Fig. 7. The irregularity of the responses under anaesthesia can, 
we think, be attributed to the practical difficulty of maintaining the animal 
at the same level of anaesthesia throughout the test. The most interesting 
feature of this experiment, however, is the normal appearance of the response 
curve following the rest interval of 1 hr. 

The rapid initial decline shown in this curve is a feature we have observed 
only in previously untested animals. The results can be compared with those 
shown in Fig. 5 for a similar series of tests applied to a conscious animal. 
Here the influence of the initial testing period upon the second testing period 
is at once apparent. 


0 4 1 4 4 L 4 j 


Fig. 7. Responses from rabbit tested at intervals of 1 min under ether anaesthesia. The anaesthesia 
was then discontinued and further tests applied after a rest period of 1 hr. Each point is the 
average of the responses for each group of four successive stimuli. 


DISCUSSION 


In the light of these results we may conclude that anaesthesia inactivates the 
mechanism, central or otherwise, which is responsible for the development of 
the R.D. phenomenon, or alternatively that consciousness is essential for its 
development. 

Dodge (1923) was the first to use the descriptive term ‘habituation’ to 
designate the k.p. phenomenon and in the light of its definition which has in 
recent years come to be accepted by experimental psychologists it appears to 
have been a particularly apt choice. 

Thus, Thorpe (1950) describes habituation in its widest sense as a simple 
learning not to respond to stimuli which tend to be without significance in the 
life of the organism; a tendency merely to drop out responses. He goes on to 
define it ‘as an activity of the central nervous system whereby innate responses 
to certain relatively simple stimuli, especially those of potential value as 
warning of danger, wane as the stimuli continue for a long period without 
unfavourable results’, a definition which appears particularly applicable tc 
the R.D. phenomenon. 
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- Vestibular nystagmus arising from rotatory acceleration is an unphysio- 
logical response; one which the animal would never be called upon to experience 
in its normal environment and so provides it with no sensation or experi- 
ence of any value. It seems reasonable, therefore, to suppose that in common 
with other useless responses it undergoes a process of central elimination or 
inhibition. 

The importance of the R.D. phenomenon to clinical turning tests is obvious. 
Unless due care is shown in their design, its presence can and undoubtedly will 
play a very important role in influencing the results obtained and in compli- 
cating their interpretation. are 


PART 2. CALORIC STIMULATION 


The caloric tests of semicircular canal function devised by Bar4ny (1907) play 
a particularly important part in the clinical investigation of vestibular function. 
According to modern practice the tests are carried out with the subject lying 
supine upon a couch with the head inclined upwards some 30° to the horizontal. 
In this position the lateral semicircular canals are brought into the vertical 
position. With cold irrigation of the left canal, nystagmus is evoked with its 
quick component to the right, while with hot irrigation the nystagmus is to 
the left; these two modes of stimulation are equivalent, therefore, in their 
effect, to angular acceleration to the right and left respectively. 

For clinical purposes the tests have certain obvious advantages over the 
rotational tests which they have largely supplanted. The advantages are that 
the caloric stimulus is limited to a single labyrinth and usually to a particular 
sense organ, namely the cupula of the lateral semicircular canal. The resulting 
response can, therefore, be taken to represent the functional state of this sense 
organ. With the rotational tests, however, the stimulus involves both labyrinths 
and the resulting response is difficult to analyse. Mi 

Bérany’s view, which has received general acceptance, was that the physio- 
logical effects of thermal stimulation were due to cupular movements brought 
about by thermally induced convection currents in the endolymph. Thus, a 
cold stimulus would produce an ampullo-fugal flow and a hot stimulus an 
ampullo-petal flow of endolymph. Since, therefore, on this reasoning the 
activation of the cupular end-organ by thermal stimuli would appear to be 
dependent, as in the case of rotational stimuli, upon mechanical deflexions of 
the eupula, we should expect the former to bring about the habituation so 
characteristic of the latter. 

Clinical tests carried out according to the technique described above have 
been in constant use at Queen Square since it was first described in 1942 by 
Fitzgerald & Hallpike. On many occasions repeated tests have been applied 
both to normal subjects and to others affected by various forms of vestibular 
disease, and no evidence has ever been obtained that the resulting responses 
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have been vitiated by anything resembling the habituation process which 
occurs with rotational stimuli. We have, therefore, subjected this apparent 
anomaly to an experimental investigation, in which we have applied to rabbits 
repeated caloric stimuli of an intensity considered likely to parallel those 
used for our rotational tests. 


METHODS 


‘The animal was held on a board in the manner we have described previously with its head inclined 
upwards to bring the external canals into the optimal position for stimulation. Water from a tank 
some 4 ft. above the animal’s head was directed into the meatus by way of a fine cannula, and the 
nystagmus recorded as previously described by means of a push button and recording device. 

The tests were carried out at intervals of 2 days over a period of 2 weeks. The same stimulus 
was maintained throughout all the tests, namely a flow of water at temperature of 25° C, i.e. 13° C 
below body temperature, for 10 sec; this was usually sufficient to produce a brisk and measurable 
response of fairly long duration. 

The test procedure was attended by a number of technical difficulties. The chief of these was the 
accumulation of wax and debris in the ears which repeated syringing forced into the meatus 
blocking the passage of water to the tympanic membrane. When this occurred it was usually 
impossible to elicit any response. In the same way, too frequent irrigation often led to an external 
otitis with blocking of the meatus. 


RESULTS 


The results of some initial experiments carried out upon two rabbits are shown 
in Fig. 8. Each graph represents the response of one ear of each animal. It 
will be seen that although there is some irregular variation in the total number 
of nystagmic beats, there is no evidence of any progressive decline in the 
response, as observed with rotatory stimulation. The curves for nystagmus 
duration, on the other hand, remain remarkably constant throughout. 

It is clear, therefore, that with the time intervals used the ee of 
habituation does not occur. 

A further series of observations was made using caloric stimuli iniatedl's at 
shorter intervals. The stimulus was applied repeatedly with rest intervals of 
5 min usually over a period of 45 min to two rabbits. In Fig. 9(a) are shown 
the results of tests upon rabbit no. 1. Throughout the entire testing period the 
responses remained unchanged and were as brisk at the conclusion as at the 
beginning of the experiment. 

The second graph, Fig. 9(b), shows the results from the second animal. Here 
the responses fell markedly during the first three tests in a manner rather 
similar to that observed with repeated rotatory stimulation. The rabbit was 
rested for 30 min and the tests then resumed. During the rest period there was 
complete recovery, but the responses again relapsed with the renewal of the 
stimuli. Following a further rest period, this time of 2 hr duration the tests 
were again repeated and once more complete recovery, followed by a decline in 
the response, occurred. The temporary character of the response decline 
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observed in these experiments is clearly atypical of habituation. One notable 
feature, namely, the complete recovery which occurred following each rest 
period is more characteristic of fatigue as specified by Bronk (1929) to which 
perhaps it may be attributed. 


100 


7 


(0) 
Fig. 8. Responses from two rabbits subjected to caloric stimulation in one ear at intervals 
of 2 days. @—@, number of beats; © - - - O, nystagmus duration. 


The apparent independence of the nystagmic responses to rotational and 
caloric stimulation was confirmed by a further series of tests upon two rabbits, 
previously untested, which were subjected to caloric stimulation in the manner 
described, followed by repeated rotational stimulation over a period of 45 min. 
During the course of the latter tests, habituation brought about, as usual, a 
considerable decline in the nystagmic responses. The usual caloric stimuli were 
then reapplied and the original response levels found to be unimpaired. 
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DISCUSSION 


The experimental results obtained make it clear that although with repeated 
caloric stimulation a reduction may sometimes be observed in the total number 
of nystagmic beats, nevertheless there occurs no fall in the response as assessed 
by the total duration of the nystagmus. 

In other words, the nystagmic response to caloric stimulation is not subject 
to habituation, a finding which is in good agreement with our clinical experience 
to which earlier reference has been made. The difference is in line, furthermore, 


Fig. 9(a). Responses from a rabbit subjected to repeated caloric stimulation at intervals 
of 5 min. @—@®, number of beats; © - - - O, nystagmus duration. 
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Fig. 9(b). Responses from a rabbit subjected to three periods of repeated caloric stimulation with 
intervening rest periods of 30 min and 2 hr showing decline and recovery of responses. 
@—@, number of beats. © - - - O, nystagmus duration. 


with our general experience that sensitivity to the two types of stimuli do not 
go hand in hand. Thus, rabbits which exhibit a brisk response to rotational 
stimuli may give a poor caloric response and vice versa. The physiological 
independence of the two varieties of response is difficult to explain. It might, 
at first sight, be supposed that Barény’s view, namely, that caloric and rota- 
tional stimulation both activate the cupula by mechanical displacement is 
incorrect, and in support of this possibility may be quoted the work of Kobrak 
(1918) who considered that the caloric responses are mediated not so much by 
cupular displacement as by reflex vascular changes in the labyrinth. Never- 
theless, Kobrak’s observations are of an indirect character and would appear 
to be contra-indicated by the direct observations of Steinhausen (1931) of 
cupular displacements seen to take place in response to caloric stimulation. 
In other respects, too, Barény’s original observations upon the behaviour of 
the caloric responses in response to alteration in the spatial disposition of the 
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stimulated canal make it reasonably certain that cupular displacements must 
be the chief factor in the mediation of the caloric responses. On the whole, 
therefore, it would seem more reasonable to explain the finding that habitua- 
tion affects the rotational responses and not the caloric responses, by adopting 
the suggestion already made that habituation exerts its influence by means of 
some central mechanism, acting at a high level of the central nervous system 
at which the simultaneous responses from the two labyrinths have become 

With such an arrangement, a monaural caloric stimulation would in some 
way, not at present clearly understood, be immune to habituation. Beyond 
this conjecture it is at present impossible to carry the matter. 

The practical aspects of our experimental findings would appear to possess 
some significance. Thus, the caloric responses, as at present elicited in clinical 
practice, may be relied upon to resist modification by repetition. The rotational 
responses, however, will certainly be modified on repetition by habituation, 
a fact which demands careful consideration in the interpretation of the results, 


SUMMARY 


1. Rabbits have been subjected to repeated angular accelerations of low 
intensity at intervals varying from one minute to one week. Records were 
made of the resulting nystagmic responses. 

2. The nystagmic responses were shown to undergo a marked decline 
termed for convenience the k.D. (response decline) phenomenon. 

3. The development of the r.p. phenomenon was found to be dependent 
upon the number of stimuli applied and not upon the interval between them. 

4. The z.p. phenomenon was unaccompanied by any change in the latent 
period of the nystagmic response. 

5. The R.p. phenomenon was not found to develop if the stimuli were applied 
during light anaesthesia. Its mechanism was therefore thought likely to depend 
upon some central process involving consciousness and allied in all probability 


_ to that of habituation as described by Thorpe (1950). 


6. The nystagmic responses to repeated caloric stimuli of comparable 
intensity were not found to exhibit any significant decline. 

7. The nervous mechanism of the x.p. phenomenon and the finding that it 
affects rotational but not caloric nystagmus is briefly discussed. 


Our thanks are due to Dr C. 8. Hallpike for suggesting the comparative study of the effects of 
repeated stimulation upon rotational and caloric nystagmus, and for much helpful discussion. 
Also to Mr C. Best, Mr R. Bolam and Mr G. H. Byford for help with the experiments, and to 
Mr J. P. Poole for drawing the figures. 
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THE ORIGIN OF CERTAIN NON-MEDULLATED NERVE FIBRES 
WHICH FORM SYNAPSES IN THE INFERIOR MESENTERIC 
GANGLION OF THE RABBIT | 


By H. McLENNAN* AND J. E. PASCOK 
From the Department of Physiology, University College London 
(Received 6 October 1953) 


Brown & Pascoe (1952) have shown that in the mesenteric nerves leaving the 
inferior mesenteric ganglion of the rabbit there is a distinct group of nerve 
fibres conducting at 0-25 m/sec at 20°C. These fibres were found to form 
synapses in the ganglion with nerves conducting at 0-45 m/sec. The post- 
\ synaptic fibres return along the same nerve trunks by which the slower fibres 
enter the ganglion, and, as judged by their velocity of conduction, were not 
different from the other postsynaptic fibres leaving the ganglion. The mesenteric 
nerves are composed largely of postganglionic fibres, and the slow preganglionic 
axons form only a small proportion of the total. 

This paper describes our attempts to determine the origin of the slow fibres, 
chiefly by means of degenerative nerve section; we conclude that their cell 
bodies are situated in the peripheral nervous system, possibly in the gut. This 
is opposed to the accepted views of Gaskell (1916) and Langley (1921), but finds 
confirmation in the more recent work of Kuntz (1940) and of Job & Lundberg 
(1952). 

METHODS 
Gross anatomy and nomenclature 

The inferior mesenteric ganglion of the rabbit lies in the mesocolon immediately headwards of 
the inferior mesenteric artery (Fig. 1). There is usually a smaller ganglion, the accessory mesenteric 
ganglion, attached to the main ganglion by nerve strands passing on either side of the inferior 
mesenteric artery. The preganglionic supply from the spinal cord consists of several fine nerves 
collectively called the inferior splanchnics. The most conspicuous nerves leaving the inferior 
mesenteric ganglion are those referred to by Langley & Anderson (1896) as the di 

branches, These pass headwards in close contact with the inferior mesenteric vein , and can be 
traced by gross dissection as far as the superior mesenteric artery where they divide to form 
a plexus mingling with the superior mesenteric nerves from the superior mesenteric ganglion. 

Since we have as yet been unable to assign any particular function to the slow preganglionic 
fibres they are referred to in the text as the ‘slow C fibres’. 

* Fellow of the National Research Council of Canada. 
PH. OXXIV. 10 
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Degenerative nerve section 
The rabbite were given sufficient pentobarbitone sodium solution by ear vein to render them 
unconscious, and then full surgical anaesthesia was obtained with open ether. Atropine sulphate, 
1 mg/kg by intraperitoneal injection, was given in some cases including those where the vagi were 
sectioned. 
_cSup. mes. artery 
=> Sup. mes. nerves 


Inf. mes. vein 


Coeliac Aorta Inferior splanchnics 
artery Coeliac Superior mesenteric 


Decentralization of the inferior mesenteric ganglion. The ganglion was exposed by a midline 
incision and the mesocolon in which it lay was lightly stretched over a black glass plate. The 
mesocolon between the ganglion and the abdominal aorta was cut through with a sharp knife 
and the inferior mesenteric artery carefully ‘cleaned’, so cutting all the inferior splanchnic nerves. 
In one rabbit the accessory mesenteric ganglion was also removed, leaving the main ganglion 
attached only to the ascending mesenteric branches. 

Section of the ascending mesenteric branches. These nerves are closely attached to the inferior 
mesenteric vein and initially we attempted to divide them without damaging it. This proved 
difficult, and it was not possible to be certain that all of the rather diffuse strands had been cut. 
In later experiments the vein and nerves were cut between ligatures with no untoward effects, all 
the animals making uneventful recoveries. 

Bilateral splanchnicotomy. The approach was through lateral incisions on each side, the splanchnics 
being found and cut at the level of the crura of the diaphragm. 

Bilateral vagotomy. In the first two experiments the vagi were sectioned in the neck since at this 
level their identification is certain. Cutting both vagi in the mid-neck region is invariably fatal, 
through paralysis and anaesthesia of the larynx from the degeneration of the recurrent laryngeal 
nerves. Fortunately the recurrent laryngeal on the right side leaves the vagus just before it enters 
the thorax. The operation was performed in two stages. In the first, the vagus was dissected in the 
lower neck on the right side until the point where the recurrent laryngeal left it could be clearly 
seen. The vagus was cut below this level, care being taken not to damage the recurrent laryngeal 
nerve. In the second stage, after an interval of 1-2 weeks, the left vagus was cut in the middle 
neck. Since sympathetic nerve fibres enter the vagus in the thorax, in later experiments both vagi 
were cut in the abdomen. A midline incision from the xiphisternum was made, the stomach w2s 
pulled gently downward and the vagi found and cut on the dorsal and ventral surfaces of the 
oesophagus. When both vagi and splanchnics were cut in the abdomen, the vagi were approached 
through one of the lateral incisions used for splanchnicotomy. 
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Fig. 1. Diagram to show relative positions of the inferior mesenteric, superior mesenteric and 
: coeliac ganglia. Note ascending mesenteric branches forming a plexus on the superior 
mesenteric artery with strands of the superior mesenteric nerves. Animal supine, guts 
; retracted towards left side. 
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Solar ganglionectomy. A left lateral incision was employed as for the approach to the left 
splanchnic. The guts were gently retracted towards the right side and the ganglia located near the 
coeliac and superior mesenteric arteries. It proved essential to avoid traction on these arteries 
since this very readily caused irreversible ischaemia of the guts and the animals succumbed in a 
few hours: The ganglia were removed intact and the arteries carefully cleaned at the same time in 
order to excise as far as possible any stray groups of ganglion cells. 

Abdominal sympathectomy and bilateral splanchnicotomy. The approach was via a long incision 
through the linea alba from the xiphisternal cartilage to within 4 om of the pubic symphysis. The 
guts were gently retracted to the left side, together with the right kidney, and the sympathetic 
chains removed from the crus of the diaphragm to the level of the iliac crests. To ensure complete 
removal we attempted to excise each chain in one length but were not often successful owing to its 
fragility. The splanchnios were cut at the level of the crus as described previously. 


| Degeneration time ~ 

At first 3 weeks were allowed for degeneration, this being the conventional time allowed for the 
degeneration of sympathetic nerve fibres. After splanchnicotomy, however, although the rabbits 
recovered from the immediate shock of the operation, there was a high mortality rate from the 
tenth day onwards. Later, it was shown that 5 days after cutting the ascending mesenteric 
branches the slow C fibres had ceased to conduct impulses when tested in vitro; it was therefore 
decided to allow 7 days for degeneration. 
Recording 

Unless otherwise stated in the text, all recording of action potentials was performed in vitro 
using thé technique previously described by Brown & Pascoe (1952). The rabbits were anaesthetized 
with urethane 1-8 g/kg intravenously, and the inferior mesenteric ganglion together with the 
required nerves dissected out and mounted in an electrode assembly. In the intervals between 
recording, the preparation was immersed in Locke’s solution equilibrated with 95 % O, and 5 % CO, 
mixture. For electrical recording the Locke’s solution was drained, leaving the preparation — 
suspended in air. 


RESULTS 

Decentralization of the infervor mesenteric ganglion 
After the inferior mesenteric ganglion had been separated from its connexions 
with the sympathetic chain and time allowed for degeneration, stimulating the 
ascending mesenteric branches and leading from them nearer to the inferior 
mesenteric ganglion gave a response similar to that previously reported by 
Brown & Pascoe (1952). Fig. 2 shows the electrode positions and the potentials 
obtained. The large spike is due to stimulation of the postganglionic axons 
which make up the bulk of the nerve, and it is immediately followed by the 
small deflexion from the slow C fibres. The volley from these fibres on reaching 
the ganglion sets up a postsynaptic discharge which returns along the nerve, 
and the potential due to this is seen in Fig. 2, about 150 msec after the initial 
action potential complex. Clearly, decentralizing the inferior mesenteric 
ganglion does not lead to the degeneration of the slow C fibres, and hence they 
cannot be collaterals of preganglionic fibres entering the ganglion via the 
inferior splanchnic nerves. 
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Section of the ascending mesenteric branches 
The ascending mesenteric branches were cut about 4-5 cm from the ganglion. 
After degeneration, the ganglion with the ascending mesenteric branches and 
usually an inferior splanchnic nerve were tested in vitro. Maximal stimulation 
of the ascending mesenteric branches gave in this case a simple action potential. 
There was no deflexion due to the slow C fibres and hence no outcoming volley 


Fig. 2. Compound action potential obtained by stimulating and leading off from the ascending 
mesenteric branches as shown in the diagram on the left. The ganglion had been decentralized 
21 days previously. Note the main spike followed by a smaller deflexion due to the slow 
C fibres. The outcoming volley of opposite phase to the main spike is seen about 150 msec 
later. In this and all subsequent figures a downward deflexion indicates negativity of the 
recording electrode nearer to the ganglion. 
from the ganglion (Fig. 3). The absence of an outcoming volley cannot be taken 
as confirmation of the degeneration of the slow C fibres since the operative 
procedure had necessarily cut the axons of the postganglionic neurones, and as 
has been shown by Brown, McLennan & Pascoe (1952) this renders their cell 
bodies inexcitable by preganglionic stimulation. Confirmation was obtained 
in the following way. The ascending mesenteric branches were cut close to the 
inferior mesenteric ganglion. After degeneration, a length of nerve headwards 
of the section was stimulated in vitro and the action potential recorded. The 
potential obtained is shown in Fig. 4. The main spike as seen in Figs. 2 and 3 is 
almost completely absent, and in the two other experiments of the series there 
was no sign of it at all. The velocities of conduction of the small spike present in 
each of the three cases at 18° were found to be 0-28, 0-25 and 0-25 m/sec respec- 
tively. The values reported by Brown & Pascoe for the velocities of the slow C 
fibres fall between 0-21 and 0-28 m/sec. There can be no doubt from the close 
agreement that the small spikes remaining in the three experiments were due 
to the slow C fibres and therefore their cells of origin must lie on the headward 
distribution of the ascending mesenteric nerves. 
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Fig. 3. Simple action potential obtained by stimulating and leading off from the ascending 
mesenteric branches as shown in the diagram on the left. The ascending mesenteric branches 
had been cut headwards of the stimulating electrodes 21 days previously. Contrast with 
Fig. 2. and note absence of slow C fibre deflexion and of outcoming volley. 


Fig. 4. Action potential obtained from a length of the ascending mesenteric branches that had 
_ been separated from the inferior mesenteric ganglion 21 days previously. The main spike seen 
_« in’ Big. 2. is almost absent, the larger potential being due to the slow C fibres. 


_... Degenerative section of the autonomic outflows 

Splanchnicotomy. This had no effect on the size of the slow C fibre spike or 
on the outcoming volley which it set up. It seemed unlikely therefore that the 
slow C fibres enter the abdomen in the thoracic splanchnics. A further pointer 
_ to the same conclusion was obtained in those experiments where 7 days only 
were allowed for degeneration. Govaerts (1935, 1939) showed that division of 
preganglionic fibres causes a spontaneous discharge of their postganglionic 
connexions starting at the third day and becoming most prominent at the 
eighth. This spontaneous activity is seen in vitro and may be used for tracing 
the pathways of preganglionic axons. We first observed a spontaneous dis- 
charge in vitro from a preparation of the inferior mesenteric ganglion in which 
some of the ascending mesenteric branches had been cut 5 days previously. 
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When an uncut ascending mesenteric branch was placed on the electrodes a 
continuous nervous activity was apparent. This was only just visible above 
the noise level of the amplifier, but it could be reversibly eliminated by cooling 
the nerve between the ganglion and the lead off electrodes. Brown & Pascoe 
(1952) found no evidence that the ascending mesenteric branches contained 
preganglionic axons other than the slow C fibres, so it is reasonable to assume 
that sectioning these fibres leads to spontaneous activity from their post- 
ganglionic connexions. In five experiments where the splanchnics had been 
cut 7 days previously a careful search was made for spontaneous activity in the 
ascending mesenteric branches. It was only found in one instance which 
suggests that in the other four cases none of the slow C fibres had been 
interrupted by splanchnicotomy. It is likely also from the results of solar 
ganglionectomy that the single rabbit in which spontaneous activity was seen 
had suffered damage in the region of the superior mesenteric artery. 

Vagotomy. Bilateral vagotomy in the neck did not abolish the deflexion due 
to the slow C fibres when the ascending mesenteric branches were stimulated, 
and the normal outcoming volley from the inferior mesenteric ganglion was 
still observed. In the two animals of this series 3 weeks were allowed for 
degeneration since material was required for histological examination in con- 
nexion with another problem, and therefore the absence of spontaneous 
activity has little significance. In one rabbit the vagi were sectioned intra- 
abdominally and in two other animals the same procedure was performed in 
conjunction with a bilateral splanchnicotomy. In all three the slow C fibres 
persisted, as shown by velocity determinations of the components of the 
ascending mesenteric action potential and by the presence of an outcoming 
volley from the inferior mesenteric ganglion. In no instance was there the 
slightest indication of any spontaneous activity in the ascending mesenteric 
branches showing again that the slow C fibres do not enter the abdomen via 
the vagi. 


Bilateral abdominal sympathectomy and splanchnicotomy 

This proved particularly difficult until the time allowed for degeneration 
was reduced to 7 days. The procedure in no way reduced the size of the slow 
C fibre potential recorded from the ascending mesenteric nerve or that of the 
outcoming volley returning from the inferior mesenteric ganglion. Abdominal 
sympathectomy and splanchnicotomy cuts off the major part of the thoraco- 
lumbar outflow to the abdominal viscera, and it is extremely unlikely that the 
fibres come from the sacral autonomic. It therefore seems reasonable to assume 
that the slow C fibres are not autonomic efferents from the central nervous 
system. Certainty on this point could only be reached by showing the per- 
sistence of the slow C fibres after ventral root section from the level T4 to L3, 
a most drastic operation and certainly not feasible in the rabbit. The fibres 
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could be afferent with their cells in the dorsal root ganglia and this possibility 
may not be precluded by the results of the sympathectomy and splanchnic- 
otomy since it has been stated that visceral afferents may reach the cord via 
somatic nerves. Since extensive dorsal root section is impracticable in the 
rabbit, a direct test of this point is lacking. Kuntz (1940) and Job & Lundberg 
(1952) have, however, reported the presence of fine C fibres whose cells lie in the 
peripheral nervous system of the cat, and it seemed reasonable to work on the 
_ assumption that the slow C fibres were their equivalent in the rabbit. Our 
attention was therefore directed to the periphery. The ascending mesenteric 
branches run very close to the superior mesenteric ganglion, and Langley & 
Anderson (1896) state that they ‘join strands from the superior mesenteric 
ganglion, and give off filaments to the colon’. It was possible that the slow 
C fibres might form a system of internuncials between the superior and inferior 


mesenteric ganglia. 
Solar ganglionectomy | 
A total of ten solar ganglionectomies were successfully completed. In one 
of these the slow C fibres had completely degenerated in the ascending 
mesenteric branches, and these latter showed the most marked spontaneous 
activity seen in the course of this work (Fig. 5). Fig. 6a shows the potential 


Fig. 5. On the left the spontaneous activity seen in the ascending mesenteric branches, and on the 
right the noise level of the recording system after the spontaneous discharge had been 
abolished by painting the ganglion with 0-1% nicotine acid tartrate. Solar ganglionectomy 
had been performed 7 days previously. 


recorded by stimulating the ascending mesenteric branches and leading off 
between the stimulating electrodes and the ganglion. There is no sign of the 
action potential due to the slow C fibres or of the outcoming volley. Fig. 65 
shows the action potential of the ascending mesenteric branches on stimulating 
an inferior splanchnic nerve. This response was abolished by painting the 
ganglion with 0-1% nicotine acid tartrate, showing that it was postsynaptic 
and not due to straight through fibres. The postganglionic neurones were there- 
fore capable of being excited by preganglionic stimulation, so the absence of an 
outcoming volley from the ganglion when the ascending mesenteric branches 
were stimulated was confirmation that the slow C fibres had degenerated. In 
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the nine other experiments the outcoming volley from the ganglion persisted, 
but spontaneous activity in the postganglionic axons of the ascending 
mesenteric branches was observed in six out of eight instances where it was 
specifically looked for. The significance of spontaneous activity in this instance 
is doubtful since there may be preganglionic connexions between the solar and 
inferior mesenteric ganglia running in the intermesenteric nerves. Kuntz 
(1940), however states that ‘most of the fibres of the intermesenteric nerves, 


(a) | (b) 


Fig. 6(a) Action potential obtained by stimulating and leading from the ascending mesenteric 
branches as shown in diagram below. Note absence of slow C fibre deflexion and of out- 
coming volley. (b) Action potential obtained by stimulating an inferior splanchnic nerve and 
leading from the ascending mesenteric branches. Same preparation as for Fig. 5. 


except components of the lumbar splanchnic nerves, probably do not effect 
synaptic connexions in the inferior mesenteric ganglia’. It is probable there- 
fore that in those instances where a spontaneous discharge from the ganglion 
was present, it was due to degeneration of the slow preganglionic fibres. Hence 
solar ganglionectomy probably interrupts some of the slow C fibres, but in only 
one rabbit was the interruption complete. 

_ This would be expected if the fibres arose peripherally, came together on 
the superior mesenteric artery and then travelled caudally to the inferior 
mesenteric ganglion in the ascending mesenteric nerves. The extent of 
the removal of the slow C fibres would then depend on the length of the 
superior mesenteric artery that had been cleaned in the ganglionectomy. This 
idea was strengthened as a result of in vivo experiments. A pair of electrodes 
was placed on the ascending mesenteric branches just anterior to the inferior 
mesenteric ganglion, and the region of the superior mesenteric artery exposed 
by careful retraction of the viscera. Several strands of the nerve plexus sur- 
rounding this artery were placed separately on the recording electrodes and 
a maximal volley set up in the ascending mesenteric branches. In none of the 
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nerve strands which were seen to enter the superior mesenteric ganglion was 
there any sign of activity, whereas those which were distributed to the 
guts regularly showed small action potentials. 


DISCUSSION 


In spite of the equivocal nature of some of the evidence, it is possible to draw 
certain definite conclusions from these experiments. There is no doubt that the 
slow C fibres are anatomically quite distinct from the normal preganglionic 
fibres to the inferior mesenteric ganglion which have their cells in the lateral 
horns of the cord and travel from the lumbar sympathetic chains in the inferior 
splanchnic nerves. The cells of origin of the slow C fibres however lie somewhere 
on the headward distribution of the ascending mesenteric branches. The 
ascending mesenteric branches are chiefly composed of postganglionic fibres 
and form the main sympathetic supply to the colon. In a few experiments 
using balloon recording, stimulation of these branches produced an inhibition 
of the tonus and of the rhythmic contractions of the greater part of the colon 
thus confirming the views of Langley & Anderson (1896) on their distribution. 
It is not unreasonable as a working hypothesis, to assume that the slow C fibres 
originate in the colon possibly as axons of cells lying in the enteric plexus. 
This idea runs contrary to the plan of the autonomic nervous system so 
forcibly expounded by Gaskell (1916) and supported by Langley (1921). How- 
ever, the work of the last thirty years has given numerous examples of 
exceptions to the general plan of these earlier workers, and to quote Mitchell 
(1953) ‘the autonomic system is not the simple and primitive affair of some 
imaginations, and its subtleties of arrangement and function are still largely 
unfathomed’. Our experiments have produced no evidence contrary to the 
view of a peripheral origin of the slow C fibres. They definitely do not enter 
the abdomen in the vagi or the thoracic splanchnics, and degenerative section 
of these nerves, together with removal of the abdominal sympathetic chains 
leaves them intact. The first question to consider is: how completely does this 
procedure cut off the autonomic supply to the abdomen? The sacral outflow 
is still intact and forms a possible though unlikely path for the fibres, should 
their cells occupy the orthodox position of autonomic preganglionic nerve cells 
in the lateral horns of the spinal cord. There is evidence against this possibility 
from preliminary experiments performed to analyse the degree of overlap of 
the slow C fibres and the preganglionic fibres of the inferior splanchnics on the 
postganglionic neurones of the inferior mesenteric ganglion. Brown & Pascoe 
(1952) concluded that the degree of overlap, if it existed, was seldom extensive. 
This conclusion was reached from comparisons of the areas of the action 
potentials obtained by stimulating the two sets of preganglionic fibres 
separately and then together. This method is not conclusive, as was admitted 
by Brown & Pascoe, since occlusion will be obscured if, as is highly probable, 
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facilitation occurs concomitantly. Some experiments performed by one of us, 
jointly with Dr Lundberg, suggest that the degree of overlap is very extensive. 
This would hardly be expected if the slow CO fibres arose from the sacral 
autonomic, since this would be an instance of the sympathetic and para- 
sympathetic using a final common path. 


There is little doubt that abdominal sympathectomy with splanchnicotomy | 


cuts off the sympathetic efferent supply almost if not entirely, and vagotomy 
- completely removes the cranial parasympathetic efferents. Certainty on this 
question would entail ventral root section which, as has been stated previously, 


is not a practicable procedure in rabbits. Unless the fibres enter the abdomen ~ 


by some localized discrete and obscure pathway it is safe to conclude that they 
are not orthodox preganglionic autonomic axons. Various workers have 
reported efferent fibres leaving the cord in the dorsal roots, and although the 
work of Barron & Matthews (1935) shows that some of the myelinated fibres 
at least are collaterals of afferent fibres which have entered the cord through 
nearby roots, it is noteworthy that Mitchell (1953), in a recent review of the 
subject, considers that the anatomical and physiological evidence for dorsal 
root efferents outweighs that to the contrary. If the evidence for such fibres 
is doubtful, their peripheral distribution is more so, and the possibility that the 
slow C fibres are dorsal root efferents will be left until other more likely origins 
for these fibres have been eliminated. A more likely hypothesis is that the 
slow C fibres are collaterals of dorsal root afferents. This possibility is greatly 
reduced by the results of the extensive removal of the sympathetic and para- 
sympathetic supply to the abdomen referred to above, but it cannot be com- 
pletely eliminated, since visceral afferents are known which traverse somatic 
nerves. Kuntz (1940) and Job & Lundberg (1952) describe C fibres in the cat 
which do not come from the cord, but originate in the periphery and form 
_ synapses in the inferior mesenteric ganglion. Kuntz showed persistence of 
terminal networks in the inferior mesenteric ganglion after it had been 
chronically decentralized, and then demonstrated histologically that fine 
C fibres leave the colon in the colonic nerves. These fibres did not degenerate 
in the peripheral end of the nerve after it had been sectioned. Job & Lundberg, 
using electrophysiological methods, showed that the hypogastric nerves con- 
tained C fibres which formed synapses in the inferior mesenteric ganglion, and 
that these fibres did not degenerate after the ganglion was decentralized, nor 
after degenerative section of ventral and dorsal roots T11-L6. 

These two sets of evidence from widely separate sources leave little doubt 
that preganglionic fibres originate from the periphery in the cat. The similar 
nature of the slow C fibres in the rabbit suggested to us that these also might 
arise outside the spinal cord. Since degenerative root section is not feasible 
in the rabbit, further work is in hand to ascertain if the slow C fibres leave the 
colon in the fine ramifications of the ascending mesenteric branches. A few 
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experiments have been performed to determine whether the fibres are sensory, 
forming the afferent side of a local reflex. These have not met with success 
possibly because the fibres are small in size and numbers relative to the mass 
of postganglionic fibres in the ascending mesenteric nerves. There is some 
evidence of a local reflex control of the gut via the inferior mesenteric ganglion; 
Garry (1933), for instance, speaking of the large bowel of the cat, states that 
‘division of the spinal rami to the inferior mesenteric ganglia alone certainly 
never causes such marked increase in colonic activity as division of the lumbar 
colonic nerves’. Lawson & Holt (1937) describe a similar effect in the dog, 
though since the ganglia were decentralized chronically in their experiments 
there exists the possibility that the local effects ascribed to the ganglia might 
have been due to spontaneous activity of the postganglionic neurones. Kuntz 
(1940) and Kuntz & Saccomanno (1944) claim that the intestino-intestinal 
reflex persists after chronic decentralization of the inferior mesenteric ganglion 
and removal of the lumbar sympathetic chains. The reflex is the name given to 
the inhibition of a proximal segment of gut when the pressure is raised in a 
distal segment. It is noteworthy that after the decentralization of the ganglion 
and removal of the sympathetic chains, Kuntz & Saccomanno found that a 
pressure of 200 cm of water was necessary to elicit the response, and that it 
could sometimes only be obtained once. This suggests that whatever the 
afferents were, they were not pressure receptors, but were stimulated and 
destroyed by the excessive distention. Freund & Sheehan (1943) showed 
clearly that the intestino-intestinal reflex, mediated through the coeliac 
ganglia, is abolished by sympathectomy from the stellate to the brim of the 
pelvis, but persists so long as one splanchnic or one lumbar sympathetic chain 
is intact. There is as yet therefore no evidence to suggest the function of the 
slow C fibres. 


SUMMARY 


1, Experiments have been performed on rabbits to determine the positions 
of the cell bodies of certain non-medullated nerves—the ‘slow C fibres’ which 
form synapses in the inferior mesenteric ganglion. 

2. The origin of the slow C fibres has been investigated by means of de- 
generative section of visceral nerves; the final experiments were performed 
in vitro. 

3. The cells of origin of the slow C fibres do not lie in the inferior mesenteric 
ganglion, nor do the fibres enter the abdominal cavity via the inferior 
splanchnic nerves. 

4. The slow C fibres originate somewhere along the headward distribution 
of the ascending mesenteric branches but bilateral splanchnicotomy, alone or 
accompanied by bilateral vagotomy, or bilateral abdominal sympathectomy 
does not cause them to degenerate. 
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5. Solar ganglionectomy may cause degeneration of some of the slow 
C fibres. 


6. It is suggested that the slow C fibres arise peripherally and possibly in 
the gut. 


We wish to thank Prof. G. L. Brown for his encouragement and interest in this work and 
Mrs E. I. Thrower for her technical assistance. We are grateful to Mr C. A. Evans for his part in 
preparing the figures. 
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AGE CHANGES IN THE HISTAMINE CONTENT OF RAT SKIN 


By D. C. HARDWICK* 
From the Gerontological Research Unit, Edinburgh University 
(Received 8 October 1953) 


There are several indications of a relationship between histamine and the 
adrenals, Adrenalectomy not only makes the animal more sensitive to 
histamine (Gottesman & Gottesman, 1928) but also increases the amount 
of histamine (Rose & Browne, 1941) and decreases the amount of histaminase 
in the lung (Rose & Karaday, 1938). Administration of large doses of cortical 
hormone reverses these changes (Gottesman & Perla, 1931; Rose, 1939). The 
injection of histamine stimulates the adrenals by the release of corticotrophin 
(Nasmyth, 1951). As a decreasing ability to withstand stress is a prominent 
feature of ageing (Shock, 1952), it was thought that an investigation of tissue 
histamine might throw some light on this deterioration. 

Trethewie’s (1947) work on guinea-pig lung is the only known reported 
investigation into age changes of tissue histamine. Rocha e Silva (1940) and 
Feldberg & Kellaway (1937) measured the variation in rabbits’ skin and cats’ 
lung respectively with increasing body weight. It was therefore decided to 
determine the histamine content of the skin of rats throughout the life-span. 


METHODS 


A pure, inbred strain of Wistar WAG rats was used for these experiments. They were fed on 14% 
rat cake obtained from the North-Eastern Agricultural Co-operative Society, supplemented with 
bread and milk and either cabbage or ABIDEC vitamin preparation (Parke Davis). 

Skin sampling. The animals were anaesthetized with ether and, after the hair had been removed 
with scissors over an area of the flank, a piece of whole skin (weight 0-1-1-0 g) was transferred to 
09% NaCl. It was thought inadvisable to use chemical depilatories (Rocha e Silva, 1940). Care 
was taken as to the anatomical position of the skin samples which were removed from the flank 
half way between the dorsal and ventral mid-lines (Feldberg & Miles, 1953). 

Foetal values. Pregnant females, judged near term, were opened by a mid-line incision and one 
uterine horn emptied of foetuses. Samples were taken from both flanks of each foetus. In one case 
(six foetuses about 4 days before birth) all the samples were pooled for estimation: in the other 
case (five foetuses about 2 days before birth) one piece from each animal was pooled for one assay, 
the other piece from each animal being pooled for a second assay. The age of the foetuses was 
estimated from the date of birth of the other half litter. The problems attached to this are discussed 
below. 

* Present address: Institute of Animal Physiology, Babraham, Cambridge. 
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Extraction and assay of histamine. Excess moisture was removed by filter-paper and the skin 
sample was weighed within 10 min of excision. The wet weight was used to calculate the histamine 
content per gram. All values in this paper are given as histamine base, assuming that histamine 
acid phosphate contains one-third of ite weight of histamine base. The sample was then treated as 
described by Geiringer & Hardwick (1953) using Code’s (1937) modification of Barsoum & 
Gaddum’s (1935) technique. 

Whole rats. The rats were killed with ether and the bodies were minced by means of an Atomix 
in a suitable volume of 5% (w/v) trichloracetic acid. After standing overnight the mixture was 
filtered at the pump on no. 42 Whatman papers. The residue was thoroughly washed with 5 % (w/v) 
trichloracetic acid. The filtrate was diluted to 100-500 ml. with trichloracetic acid solution and 
aliquots taken for assay. The aliquots (I-10 ml.) were diluted to about 25 ml. with water and 10 ml. 
concentrated hydrochloric acid was added. The solutions were boiled and treated as above. 
Digestion of a portion of the residue with approximately 3 x-HCl for 1} hr and treatment of the 
digest by the process described above gave no evidence of the presence of histamine. 

It is of interest to note that storage of the trichloracetic acid solution for some weeks at room 
temperature resulted in no loss of histamine (Table 3). 


RESULTS 


The content of histamine was low in foetus’ skin a few days before term; the 
pooled sample 4 days before birth contained about 4 ug/g, those at 2 days 
before birth 7-7 and 8-1 g/g. In connexion with the estimated time it is 
important to notice that the mean values obtained from the animals born to 
the operated mothers were lower than ‘normal’ birth values (Table 1). It is 
probable that the disturbance has interfered with the remaining foetuses and 
as a result they have been born prematurely. Thus the time between taking 
the foetuses and normal birth may be higher than the value given above. 


Tase |. Birth values of animals born to mothers who had foetuses removed 


‘Normal’ birth values 33-4, 25-2, 27-2, 25-2, 39-0, 35- 8, | 28-8 a Student’s *t’ test 


(ug/g) 29-2, 23-2, 26-1, 23-6 difference dierence5-10% 
— : ’ values 19-4, 23-2, 23-8, 18-5, 19-1 20-8 


Values for skin histamine in relation to age are plotted in Fig. 1. The most 
noticeable feature of the age curve is the sharp rise, starting at about 14 days 
and reaching a maximum at 22-25 days, followed by an almost equally sharp 
drop. This peak is accompanied by an increase in individual variability. 

Since weight, and therefore possibly degree of development, seem to depend 
on litter size (Falk, Noyes & Sugiura, 1927), it was decided to plot values for 
large and small litters separately. Litters of eight or less were arbitrarily 
considered small litters and litters of nine or more large litters. The figures are 
given in Table 2 and plotted in Fig. 2. Unfortunately for this purpose, 8 and 
9 are the commonest litter sizes and very small or very large litters relatively 
uncommon. However, the results seem to justify the procedure. 
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@ Mean value 
© Mean value+2o 


Weaning 
0 2 5 10 20.~—C«; 50 100 200 500 


Age (days) (log. scale) 
Fig. 1. The histamine content of rat skin from birth to 514 days. 


TaBLE 2, The skin histamine of large-litter members compared with that of small-litter 


members between birth and 31 days 
Small litters (<9) Large litters (> 8) 
A Average 
Age of weight content No. of weight content ’s 
(days) animals (g) (ug/g) animals (g) (ug/g) ‘t’ test 
0 (5) (28-2) 9 48 24 654 
2 2 75 197 (w=8-6) 4 63 175 19 ye 
10 4 20-3 181 2-2 =e 
16 1 30 27-4 4 25 26-8 22 
18 4 27 330 640 
20 7 32:1 36-9 3-2 7 273 469 10-2 2-5 
21 9 390 366 7-9 7 278 422 6&5 >10 
22 7 350 42-9 6-8 14 238 632 70 <€0:1% 
23 Ss 378 41-4 8-5 13 27-7 +519 92 1-2 
24 17 39-5 519 5:8 7 345 615 20-4 5-10 
25 4 404 48-1 5-4 ll 345 576 142 >10% 
28 — 5 33-3 457 
31 3 50-7 1-7 3 (59-7) 353 83 >10% 
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It is seen that from 20 days onwards the skin concentrations of histamine in 
animals from large litters were higher than those from small litters. Statistica] 
calculation (Table 2) shows that the difference at 22 days is highly significant, 
that at 23 days significant and at 20 and 24 days there might be some difference. 


ad © Small litters (8 or less) 
© Large litters (9or more) 
60 ‘aad 
Small litters, weaned early 
50 4 Large litters, unweaned 
30 
Small litter 
10F wean 
0 5 10 15 20 25 30 35 
Age (days) 


Fig. 2. The histamine content of rat skin in large and small litters and the effect of 
weaning procedures on the histamine content. 


The time relations point to weaning as a probable cause of this difference. 
It may be that, in the case of small litters, the food obtained in the first 21 days 
enabled the animals to reach a stage in development where weaning is possible ; 
with large litters this was not so. As all animals were removed from the mother 
at 21 days, the members of large litters would therefore have undergone some 
starvation hefore they became used to meeting their whole dietary require- 
ments from the food provided. To test this hypothesis two large litters were 
not weaned at 21 days but left with the mother. The result (Fig. 2) shows that 
this procedure prevents skin histamine rising to the high values observed in 
similar litters just after weaning at 21 days. The skin histamine concentrations 
were similar to those observed in weaned small litters. Values were still higher 
at 26 days than the normal adult values. 

In one experiment the effect of early weaning was investigated. A litter of 
five animals was weaned at 16 days when their weights (about 30 g) were 
slightly higher than the average weight (27-5 g) of a member of a large litter 
at 21 days. It is seen (Fig. 2) that a sharp rise occurs during the subsequent 
2 days. Since the rise after weaning at 21 days occurred within a day the time 
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relations were not entirely the same (see below). Nevertheless, the result 
— indicates that premature weaning did affect skin histamine. 


Age t Age t 

45 52 7-0 

1-5* 70 6-1 

9:5 70 5-7 

5 10 11-7 128 178 9-4 

7 14 8-7 320 349 41 

20 35 17-7 320 350 4-2 

22 39 11-2t 321 215 5-7 

44 109 13-1 321 189 41 


* Same solution, 8 ug/g 6 weeks later. 
t Same solution, 11-2 ug/g 8 weeks later. 


A few values obtained from whole rats are given in Table 3, where it is 
seen that values about weaning were somewhat higher than adult values. The 
difference was not as great as in the case of skin values. Since skin forms 
approximately 15 °% of the body (Lowrey, 1913) the average rise in the whole 
skin is approximately 290 ug between 14 and 25 days (assuming that the rise 
in the flank is representative). The values for the whole body show an increase 
of about 300 wg. Thus if rises in other tissues occur they are either local or are 
balanced by simultaneous falls elsewhere. The rise during the first few days 
after birth (unlike skin values which remain constant or fall slightly) may have 
some significance, though the few figures presented here are not sufficient to 
establish any certain increase. 

Some information on the histamine content of the diet was obtained. Cow’s 
milk, bread and rat cake were investigated. In the cases of milk and bread, 
extraction by the normal procedure of Code resulted in a solution which relaxed 
the gut or caused a contraction not inhibited by mepyramine solution. The 
action of histamine added to the final solution was sometimes inhibited. It 
was found, however, that extraction of the alcohol-dried residue with alcohol 
separated the interfering substance or substances, and the contents were 
estimated as less than 0-1 g/g in the case of bread (four samples) and less than 
0-5 ug/g in the case of milk (two samples). Six »g of histamine was recovered 
to the extent of 60 and 75% in two experiments by this technique. The figures 
obtained by Toni (1942) (0-25-1-0 ug/ml., average 0-57 ug/ml.) and Rex-Kiss 
& Went (1941) (0-05-1-0 »g/ml., no average given) for human milk are in 
accord with these. 

Rat cake was found to vary in histamine content between 0:8 and 12:8 ug/g. 
The average of eighteen samples was 5-5 ug/g. 
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DISCUSSION 


(i) Values about weaning. Marshall (1943), using rats 3-5 weeks old, found the 
average skin histamine to be 53-2 ug/g (42-3-68-8 ug/g). The site is not given, 
but this value is much higher than 26-4 ug/g for abdominal skin (Haas, 1941), 
12-6 ug/g for dorsal skin (Emmelin, 1945) and 15 ug/g for the flank (present 
paper) in the adult animal. Rocha e Silva (1940), using rabbits, found that 
the lightest animals (50-150 g) had the highest skin values. As rabbits are 
generally weaned in this weight range, these results are consistent with the 
idea that a similar rise at weaning occurs in the rabbit. 

The difference in skigghistamine between small and large litters at 22 days 
(1 day after weaning) depends on the removal of the mother from large litters. 
If the difference between small and large litter values is plotted as a percentage 
of the former value for the period 21-24 days, the curve obtained is very 
similar to that obtained by Geiringer & Hardwick (1953) in rats aged 44-55 days 
after injury (Fig. 3). The resemblance may be fortuitous but suggests that the 
observed change may be caused by the stress of starvation, together with the 
loss of maternal warmth and comfort. 


@ Percentage difference between 
large and small litters 


© Change in skin histamine after 
operation (50-day-old rats) 


3 


T 


Time after weaning or 
——> operation (hr) 


Difference between large and small litter as 
a percentage of small-litter values 


0 12 24 48 nR 
Fig. 3. Comparison between the effect of weaning large litters 
and the effect of operation on 50-day-old animals. 


The observation on the small litter at 16 days indicates a somewhat later 
maximum, owing perhaps to a greater degree of stress as suggested by the fall 
in weight from 30 g at 16 days to 24 g at 18 days. This fall shows that these 
animals are not strictly comparable with those of a similar weight at 21 days, 
whose weight remains approximately constant for 2 days (Table 2). 

The rise observed in all animals between 14 and 26 days (Figs. 1 and 2) is 
less clearly related to adrenal function since Jackson (1919) found that the 
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adrenal is hyperactive about weaning. This may be counteracted, however, by 
the high thyroxin production at this age (Munroe & Turner, 1946). Whereas 
cortical hormones tend to reduce histamine contents (Rose, 1939), thyroid 
administration is reported to result in an increase (Gotzl & Dragstedt, 1940). 
The effect of an increase in both ho:mones may depend on their relative amounts. 

The contents of rat cake, milk and bread show that the amount of histamine 
available to the young animals in the diet is inadequate to account for the 
extent of the rise or the time at which it occurs. Even if all the dietary hista- 
mine were transferred to the skin, the animals would require 5 g of rat cake 
per day between 14 and 23 days. It is more likely that the rise may be a result 
of changes in intestinal flora. Wilson (private communication) has shown that 
chloromycetin reduces the urinary histamine of adult rats at a time when the 
bacterial population is known to be reduced. This suggests that such organisms 
can be a source of histamine for the rat. Unfortunately, there is no informa- 
tion on the intestinal bacteria of the suckling rat. 

It is conceivable that decreases in the water or fat content of the tissue 
would cause such a rise. Calculations based on reported values of fat and 
water contents of the skin and the whole animal (Lowrey, 1913; Winter, 1934; 
Adams, 1937; Hatai, 1917; Chanutin, 1931) show that, although such changes 
would contribute to the observed rise in histamine content, they cannot 
account for the full extent of the change or the time when it occurs. 

(ul) Foetal values. Foetal skin appears to have a low histamine concentra- 
tion, although shortly after birth the figures are high. Low values have been 
reported by Trethewie (1947) for the whole guinea-pig foetus at about half- 
term and, according to Feldberg & Schilf (1930), both ape and guinea-pig 
foetuses have little or no histamine. Dragstedt, Ramirez de Arellano & 
Lawton (1940) found that the liver of a dog foetus contained 5 ng/g compared 
‘with 30 yg/g in the adult animal. 

It is possible that the changes about birth may be related to adrenal 
activity. Benner (1940) found that the foetal adrenal degenerates and is 
replaced by normal tissue at birth. If the new-born rat behaves like the adults 
studied by Rose & Browne (1941) and Marshall (1943), the reduction in adrenal 
tissue might result in elevated histamine values. The thyroid gland may also 
be involved, as Speert, Quimby & Werner (1951) found that the foetal mouse 
thyroid started to take up iodine 4 days before term. Trethewie (1947) noted 
that guinea-pigs 1-4 days old had high lung histamine concentrations com- 
pared with animals 56 days old. 

(iii) Adult values. The concentration of histamine in the skin remained 
generally constant from 80 to 514 days. Although old, these animals were not 
really senile; the skin often showed scabby patches and hair was less dense and 
coarser. Neither mean values nor individual variation changed significantly 
during this period. Trethewie (1947) found an increased range of lung hista- 
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mine in guinea-pigs at 280 days compared with those at 55 and 130 days. 
Feldberg & Kellaway (1937) showed that both mean and variability increased 
in cat lung values with increasing weight. It is possible that rats older than 
those used here would have shown such increases. Histamine concentrations 
in the skin have not therefore been shown to change significantly with changes 
in the rat’s ability to withstand stress; other species might show such parallel 
changes. 
SUMMARY 

1. The histamine content of the skin of albino rats has been determined 
between birth and 514 days. 

2. Concentrations remain fairly constant with two exceptions. Values 
shortly after birth and values about weaning (21 days) are high. 

3. Analysis of the data between 14 and 25 days indicates that large litters 
show higher values than small litters at 22 and 23 days; this depends on the 
removal of the mother at 21 days. The weaning of large litters at this time is 
perhaps premature. 

4. By analogy with previous results it is suggested that the cause of the 
rise is the stress involved in premature weaning. 

5. The high values found in all animals between 16 and 30 days is not due 
to an increase in ingested histamine. Changes in glandular secretion rates and 
in intestinal flora are possible causes; decreasing fat and water contents may 
be ancillary factors. 

6. Two values for the skin of foetuses were low. 


The author is grateful to Prof. J. H. Gaddum, F.R.S., for his advice in preparing this paper, to 
Dr E, Geiringer for his help and advice and in particular for the vivisection work, and to Misses 
J. Stewart and I. Lyle for their assistance. The work was made possible by a personal grant from 
Lord Nuffield to Edinburgh University. 
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A METHOD OF LOCATING THE RECEPTORS OF VISCERAL 
AFFERENT FIBRES 
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Afferent fibres yielding a discharge of impulses after an injection of phenyl 
diguanide have been described (Paintal, 1953a); these were thought to arise 
from receptors in the lungs, and later more suggestive evidence was obtained 
in support of this view (Mott & Paintal, 1953). | 

Till recently, attempts at determining the function of these receptors had 
failed because they were apparently inactive normally and were unaffected 
by any of the known procedures which affect the activity of thoracic visceral 
afferent fibres. With the aid of injections of phenyl diguanide into various 
vascular channels, however, direct evidence has been obtained to show that 
most of them are located in the wall of the stomach (Paintal, 1953c), a finding 
quite contrary to that expected. Since the method has many potentialities, 
it is described in detail in this paper. 


METHODS 


Adult cats, weighing 1-5-3-7 kg, were anaesthetized with chloralose (80 mg/kg). Afferent fibres 
with receptors stimulated by phenyl diguanide were isolated from the right cervical vagus as 
described earlier (Paintal, 1953a). Their action potentials were amplified with a differential 
resistance-coupled amplifier and recorded, along with the e.o.g. lead I, with a double-beam 
cathode-ray oscillograph and camera. 

A plastic catheter, through which intra-atrial injections of phenyl diguanide were made, was 
inserted through the right external jugular vein. In two experiments a similar catheter was 
inserted into the left atrium through the left ventricle after opening the chest. In one experiment 
an intracarotid cannula, which consisted of a hollow needle, was inserted into the left common 
carotid as far as the innominate artery. 

In the later experiments an aortic cannula, which consisted of a straight piece of glass tubing 
of 2 mm external diameter and 10-5 cm long was introduced into the aorta just before its bifurca- 
tion into the external iliac arteries and pushed centrally so that its tip lay just above the aortic 
opening of the diaphragm. All these catheters and cannulae were provided with taps and ‘ Record’ 
fittings, through which injections were made with a syringe. By the use of leak-proof taps no 
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difficulty was encountered due to clotting, as the blood was prevented from flowing back into 
the cannulae, Their position was always ascertained post-mortem. 

In the earlier experiments, the intrapleural pressure was recorded with a mirror membrane 
manometer; later this manometer was used to record the intragastric pressure with the aid of 
a balloon, inserted through the duodenum into the stomach. 


RESULTS 
Location of receptors sensitive to phenyl diguanide 
In fibres with receptors sensitive to phenyl diguanide, a discharge of impulses 
was produced about 3-10 sec after injection of 100-200 yg of phenyl diguanide 


into the femoral vein. The maximum frequency of discharge attained varied 
from 10 to 20/sec. The injection-response time was not appreciably affected 


Fig. 1. Impulses in a vagal afferent fibre following injection of phenyl diguanide into the right 
atrium. Records B, C, and right side of A are continuous. From above downwards, ¢.c.g.; 
impulses in a vagal afferent fibre; time in 7s sec. Phenyl diguanide, 200 yg injected at arrow 
in A, 

when the injections were made directly into the right atrium (Fig. 1), although 

in some cases the intensity of the discharge was increased a little. From this it 

became apparent that the receptors concerned were not located in the right 
atrium, ventricle, pulmonary artery, or the more peripheral portions of the 
great veins. It might be thought that the likelihood of location in the heart 

or near it was small as there was no superimposed ae pit on “a 

ttern of discharge (Figs. 1 and 3-5); but it is possible that chemoreceptors 

a 8 side of the heart in which case no cardiac rhythm 
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would be present, as has been shown by the records of impulses in chemo- 
receptor fibres (Landgren & Neil, 1951; Paintal, 19535). 

The next step was to determine whether these receptors were located in the 
lungs, particularly in the pulmonary vascular bed. To do this the chest was 
rapidly opened while the fibre was still on the recording electrodes and the left 
atrial catheter inserted. Injections of phenyl diguanide through this evoked 
a discharge of impulses with a shorter injection-response time and a greater 
frequency of discharge (Fig. 2). After observing the same type of response 
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Fig. 2. Frequency of discharge in a single vagal afferent fibre after injections of 200 ug phenyl 
diguanide into right (© - - O) and left (@———@) atria at arrow. The injection response time 
is reduced and the frequency of discharge is increased when the drug is injected into the 
left atrium. 


again in another experiment, it was concluded that the receptors were 
definitely not located in the pulmonary circulation, though it was possible 
that they might be in other parts of the lung connected with the bronchial 
circulation. 

To exclude the aortic bodies as the possible region where the receptors 
might be located, in a subsequent experiment injections were made through 
the carotid cannula. The evoked response was in all respects similar to that 
produced by left intra-atrial injections. 

It was now clear that the receptors concerned were situated in viscera 
somewhere downstream with respect to the aorta. Proof of this was easily 
obtained. With a strand carrying impulses from a phenyl diguanide sensitive 
receptor on the recording electrodes, the aortic cannula was inserted into the 
abdominal aorta, so that the tip was upstream from the coeliac artery. Intra- 
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aortic injections of phenyl diguanide now yielded a discharge of impulses 
with an injection-response time of only 1-3-1-5 sec and a much higher fre- 
quency of discharge (Fig. 3). It was, therefore, certain that the receptors were 
situated in one of the abdominal viscera and definitely not in the lungs or the 
heart. 


Finally, by digital compression, stretching, or distension of the viscera, such 


as the stomach, gall bladder, large and small intestines, and the peritoneum, 


Fig. 3. Impulses in a gastric afferent fibre. A and B show responses to intravenous (200 ug) and 
intra-aortic (130 yg) injections of phenyl diguanide respectively. In A, the response occurred 
10 sec after injection. C shows the discharge produced by digital compression of a small area 
of the cardiac end of the stomach. From above downwards, e.c.g.; impulses in a fibre; time 
in #s sec. The signals in B and C (lowest trace) represent the duration of injection and digital 


it was confirmed that of the first seven receptors encountered, six were located 
with certainty in the wall of the stomach and one in the intestines. Of the 
gastric ones, all were localized satisfactorily by digital compression (Fig. 3) 
in different parts of the stomach, the localization in each case being within 
1-4 cm*. These responded by a slowly adapting discharge to a maintained 
distension of the stomach from which it became clear that they were slowly 
adapting stretch receptors (Paintal, 1953c). In later studies on gastric stretch 
receptors (to be published), one more fibre from a receptor sensitive to phenyl 
diguanide was located within an area of 1 cm? at the attachment of the peri- 
toneum to the jejunum. This failed to respond to distension of intestines with 
a balloon but readily responded to light pressure. Fig. 4 shows the response 
of this receptor to digital pressure which suggests that it might have been 
a Pacinian corpuscle (Gray & Malcolm, 1950). 

To prove that the impulses were being recorded from fibres connected with 
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receptors in the abdominal viscera, the vagi were sectioned below the dia- 

phragm in one experiment. This abolished all responses from the fibres (Fig. 5). 
The situation of the receptors had now been clearly established. 


Fig. 4. Impulses in an afferent fibre from the small intestines. From above downwards, e.c.g.; 
impulses in a fibre; time in 75 sec. At arrow light digital pressure was applied at the attach- 
ment of the peritoneum to the jejunum. 


Fig. 5. Impulses in gastric afferent fibres. From above downwards, e.c.g.; impulses in gastric 
afferent fibres; time in 7s sec, and in A and B, injection signal. At signal in A, 130 yg pheny! 
diguanide was injected into the aorta. In B, a similar injection was given after sub- 
diaphragmatic vagotomy; note absence of any response. Records B and C are continuous. 


DISCUSSION 


It is known that there are a number of vagal afferent fibres that show irregular 
bursts of activity without either respiratory or cardiovascular rhythm. Some 
of these are no doubt chemoreceptors (Paintal, 19535), which are easily 
recognized by their response to anoxia. They are stimulated by nicotine and 
lobeline (Neil, Redwood & Schweitzer, 1949) as is also the case with gastric 
stretch receptors (Paintal, 1953c). It is believed that there are chemoreceptors 
in the abdominal viscera (Hollinshead, 1946; Bean, 1952) and lungs (Pi-Suner, 
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1947), and the method described in this paper could be conveniently used to 
determine their exact location. These fibres could first be recognized by their 
response to anoxia or carbon dioxide excess and then tracked down by the 
drugs that stimulate them. In fact, by simply noting the effect of injecting 
the drug into the abdominal aorta it can be determined at once whether the 
receptors are situated by the thorax or the abdomen. Subsequent exact 
location by injections into different vascular channels should present little 
difficulty. This method could also be used to determine more accurately the 
location of those receptors responsible for persistent discharges in vagal 
afferent fibres (Adrian, 1933), provided a suitable drug could be found to 
stimulate these receptors. 

Finally there are the vagal afferent fibres which are concerned in the produc- 
tion by drugs of certain reflex effects such as the well-known Bezold reflex 
(Bezold & Hirt, 1867) produced by veratrine and the ones more recently 
observed by Dawes, Mott & Widdicombe (1951) as reflex effects of derivatives 
of guanidine and of isothiourea. In spite of the great deal of information 
which exists regarding the reflex effects of these drugs and although there is 
much evidence to suggest that the receptors are situated in the heart and lungs 
(Dawes, 1947; Jarisch & Zotterman, 1948; Dawes et al. 1951), nothing definite 
is known regarding the exact location of these receptors or their normal 
function. Nevertheless, when recording from vagal afferent fibres, it will be 
necessary to exclude the abdominal viscera as the possible location of the 
receptors, a conclusion that has been well borne out by the results of the 
present investigation. One other obvious advantage of the method is that it 
is more convenient to work on the main vagal trunk than on its branches, 
most of which are not conveniently accessible for recording impulses. Also, it 
is possible to obtain from the trunk a much more complete knowledge of the 
distribution of the receptors. 

Although the situation of the intestinal receptor at the attachment of the 
peritoneum to the intestine and the receptor’s response to digital compression 
suggest that it might have been located in a Pacinian corpuscle, there is, 
however, no direct evidence of this. It is suggested that since this receptor 
was sensitive to intra-aortic injections of phenyl diguanide, experiments on 
the effect of local application of this drug to intestinal Pacinian corpuscles 
might yield valuable results. 


SUMMARY 


1. A method of locating the receptors of visceral afferent fibres has been 
described. It consists in injecting drugs, capable of stimulating receptors, 
into different vascular channels and noting their effects on the activity of 
afferent nerve fibres. 

2. The method has been successfully used to determine the situation of 
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certain receptors, stimulated by phenyl diguanide; most of these have been 
located in the wall of the stomach, some in the intestines. 
3. The possible applications of the method have been discussed. 


This paper is published with the permission of the Director of Technical Development and 
Master General of Ordnance, Army Headquarters, New Delhi. My thanks are due to Dr J. C. 
Mott for the supply of phenyl diguanide and Mr Y. C. Wal for much technical assistance. 
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In 1929 Forssmann described an indirect method for catheterizing the heart 
and vena cava. Because more precise control was desired, Rappaport devised 
the ‘guided’ technique in 1934 and later improved it (Rappaport, 1951, 1952). 
By this means, not only may the catheter be readily directed into a specific 
vessel but also it may be later located in another vessel without interruption 
of the experiment. 

The bromsulphalein method for estimating hepatic blood flow in humans was 
introduced by Bradley, Inglefinger, Bradley & Curry (1945). When we com- 
menced our studies (1949), there were no publications relating to its use in 
dogs. Therefore, the experiments to be reported were carried out to assess 
‘guided’ catheterization as a technique in the physiological investigation of 
the liver and to study the bromsulphalein method in normal dogs. The latter 
was intended to serve as a basis for comparison with the results obtained in 
dogs with hepatic ischaemia (Casselman & Rappaport, 1954). 

We have found that ‘guided’ catheterization enables blood samples to be 
obtained easily from any sufficiently large hepatic vein, and that it may be 
employed whenever blood is required from, or injections must be made into, 
branches of the aorta sufficiently large to admit the catheter. Our results 
generally agree with other recently published values for hepatic blood flow 
estimated by the bromsulphalein method in normal dogs (Werner & Horvath, 
1951, 1952; Pratt, Burdick & Holmes, 1952; Heineman, Smythe & Marks, 
1952). 


* Senior Medical Research Fellow, National Research Council of Canada. 
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METHOD 


Adult, mongrel dogs, weighing 8-20 kg and fasted 20-36 hr, were anaesthetized with pento- 
barbitone sodium (30-35 mg/kg body wt., intravenously). The femoral artery and vein were 
dissected out in Scarpa’s triangle on one side, preferably the right. A ‘cut down’ was made on to 
a radial vein. The dog was then given heparin (100 units/kg body wt., intravenously). A narrow 
polyethylene catheter was tied into the radial vein. Another was introduced through the femoral 
artery until it was judged to extend to the mid-portion of the abdominal aorta. When the arterial 
blood pressure was to be recorded, however, a siliconed glass cannula with a side-arm was tied 
into the femoral artery. The aortic catheter was then introduced through the side-arm. 

The exposed portion of the right femoral vein was ligated distally and a piece of narrow 
Penrose tubing was passed around it centrally. The vessel was incised and the metal-capped, 
polyvinyl-tubing catheter, containing the guiding instrument (Rappaport, 1951, 1952), was 
introduced into the lumen of the vein. The Penrose tubing was stretched and clamped close to the 
vessel, The elastic tubing thus prevented leakage of blood by tightening the vein wall about the 
catheter. 

The further technique of catheterization was exactly as described previously (Rappaport, 1952). 
It allowed not only the insertion of the catheter into a hepatic vein but also ite withdrawal and 
insertion into another vein of the liver, the whole procedure requiring only 1-2 min. 

The priming dose of bromsulphalein (BSP), usually 5-0-7-:5 mg/kg body weight, was given 
through the radial venous catheter as a sterile 5% aqueous solution (Hynson, Westcott and 
Dunning, Baltimore, Maryland, U.8.A.). This was followed immediately by the sustaining infusion 
of dye, 1-5 mg/ml, in saline (0-85% NaCl), administered by a motor-driven pump at a constant 
rate, usually 1-2 ml./min. 

Hepatic venous and femoral arterial blood samples were taken simultaneously into paraftin- 
oiled syringes at 5-10 min intervals during the 30-90 min of each experiment. After preliminary 
flushing of the catheters by withdrawing 2-4 ml. of blood, 3 ml. samples were taken and trans- 
ferred to centrifuge tubes, each containing 0-01 ml. of heparin solution (10 units). At the end of 
the experimental period, the vessels were ligated and the incisions sutured. The dog was returned 
to its cage after being given 300,000 units of procaine penicillin intramuscularly. 

The blood samples were centrifuged for 20min. Haemolysed specimens were discarded. 
Occasionally the packed cell volumes for some of the uncentrifuged, whole blood samples were 
determined with a van Allen haematocrit tube. Usually, however, the specific gravities of the 
whole blood and the plasma obtained after centrifugation were determined using copper sulphate 
solutions (Phillips, Van Slyke, Hamilton, Dole & Archibald, 1950; Van Slyke, Hiller, Phillips, 
Hamilton, Dole, Archibald & Elder, 1950; Van Slyke, Phillips, Dole, Hamilton, Archibald & 
Plazin, 1950). From the published nomogram, the packed cell volume and plasma protein con- 
centration were estimated. 

For the determination of BSP concentration, 0-50 ml. of plasma was mixed with 2-00 ml. of 
saline. The increase in the optical density at a ‘warehugt of 560 my after adding one “gd of 
10n-NaOH was measured hotometrically (Beckman model B spect . All 
determinations were made at least in duplicate, usually in triplicate. Sesigelididign duave wos 
plotted from data for solutions of pure BSP, 

The estimated hepatic blood flow (EHBF) was calculated from the experimental data using 
the equations given by Bradley et al. (1945). When correcting for variations in the arterial BSP 
level, the plasma volume was usually calculated from the blood volume estimated to be 10-2% 
of the body weight (Saunders, Horton & Weston, 1947) but, occasionally, it was determined 
directly by the dye (T-1824) method of Noble & Gregerson (1946) modified for dogs. Depending 
upon the size of the animal, its liver was estimated to weigh 2:24-2:45 % of its body weight (Brody 
& Kibler, 1941). The body surface area was calculated from the body weight (Du Bois, 1936). 
The percentage of BSP extracted by the liver, was calculated as 


E =100 (A-H)/A, 
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and C, the hepatic clearance of BSP, as 

=100 I/A, 
where A is the arterial and H, the hepatic venous concentration of BSP in mg/100 ml. plasma 
and J is the rate of infusion in mg BSP/min, corrected if necessary. 

Arterio-venous differences in plasma dye-concentration for various organs and regions of the 
body were determined in anaesthetized dogs. Fine polyethylene catheters, too small to interfere 
appreciably with blood flow, were inserted into the following vessels after surgical exposure: 
femoral artery and vein, renal artery and vein, and portal, jugular and right radial veins. A priming 
dose and a continuous infusion of BSP were given through the left radial vein in the same manner 
as for EH BF determinations. Up to 6 blood samples were taken simultaneously from each site 
over # 40-minute period. The blood removed at each sampling was replaced by saline in order to 
maintain the circulating blood volume reasonably constant. The BSP content of each sample was 
determined as described above. 


Taste 1. Summary of observations on anaesthetized normal dogs 
Range of values Mean (+5.z.) 


Body weight, kg 9-8-17-8 14-2 
Estimated liver weight, g 241-405 333 
Average BSP infusion rate 

mg/min 1-20-3-60 2-13 

mg/min/kg body wt. _ 0-15 

mg/min/100 g Liver 0-64 

mg/min/m? 3-48 
Arterial BSP concn. 

mg/100 ml. 1-15-4-04 2-34 
Hepatic BSP extraction 

tage 15-6-58-3 39-8 + 2-0 

mg/min/100 g liver 0-43—1-64 0-7440-17 
Hepatic blood flow 

ml./min/kg body wt. 25-129 37+42°3 

ml./min/100 g liver 107-370 156+11 

ml./min/m* 310-2760 970 + 63 
Average BSP clearance 

3-6—11-1 8-0+0°8 

ml./min/100 g 16-46 3443-4 

ml./min/m* 89-242 182+ 18 

RESULTS 


The EHBF results are summarized in Table 1. A total of thirty-three series 
of observations was made on twenty-one normal, anaesthetized dogs. The 
calculations for each series were based on data from four to eight sampling 
periods. The arterial BSP concentration had usually attained a reasonably 
steady value when the first blood sample was taken, 30-40 min after admini- 
stration of the priming dose of BSP. The mean BSP infusion rate was 
2:13 mg/min. The mean arterial plasma BSP concentration was 2°34 mg/100 ml. 
Under these conditions, the mean EHBF ( +8.£.) was found to be 507 + 33 ml./ 
min/dog, 37 + 2-3 ml./min/kg body weight, 156 + 11 ml./min/100 g liver, and 
970 + 63 ml./min/m?. | 

Some variation in EHBF was noted during each series of observations. 
Thus, the value for one sampling period differed from that for the preceding 
period by from 0-6 to 57% (mean, 23-7), ranging from 45% less than to 57%, 
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more than the preceding value. In a given series, the maximum observed 
EHBF was from 8-5 to 76% (mean, 42-4) greater than the minimum one. No 
correlation between EHBF values and arterial BSP concentrations could be 
demonstrated. When veins draining different regions of the liver were 
catheterized during the same period of investigation, the BSP concentration 
in the blood samples from the various sites were similar, and any differences 
in the calculated EHBF's were not statistically significant. The reproducibility 
of the mean EHD¥' when determined on different days was investigated in 
only a few animals. Usually, there was appreciable variation, averaging 
+19%. 

The percentage of BSP extracted ranged from 15-6 to 58-3 with a mean of 
39-8 + 2-0. The rate of BSP extraction per 100 g of liver ranged from 0-43 to 
1-64 mg/min, the mean being 0-74+0-17 mg/min. The hepatic clearance of 
BSP varied from 62 to 173 ml./min, with a mean of 111411 ml./min which 
corresponds to 8-0 + 0-8 ml./min/kg body weight, 34 + 3-4 ml./min/100 g liver, 
or 182 + 18 ml./min/m’. 

In any given dog, during an EHBF determination made at a constant rate 
of BSP infusion, there was no significant correlation between the rate of infusion 
and either the EHBF or the BSP clearance and none between the arterial 
plasma BSP concentration and either the EHBF or the percentage of BSP 
extracted. These lacks of correlation persisted when the rate of infusion was 
varied so that the arterial BSP concentration ranged, at different times, from 
1-1 to 4-0 mg/100 ml. plasma. On the other hand, when a given rate of infusion 
resulted in different arterial BSP levels in different dogs with practically the 
same EHBF values, there was a significant (P<0-001) inverse correlation 
between the arterial plasma BSP concentration and the percentage of BSP 
extracted. 


(twenty-four observations) from normal dogs 
Relative concentration 
Source of A 
blood sample % Pe 
Femoral artery 100 + 0-63 — 
Renal artery 100+0-65 
Femoral vein 98+ 1-49 >0-1 
Renal vein 97 +.0-98 0-02 
Portal vein 99+ 1-43 >0-1 
Jugular vein 100 + 2-48 >0-1 
Radial vein 98+ 1-60 >0-1 


* For difference from arterial concentration. 


The results of twenty-four series of observations on arterio-venous differences 
in BSP concentration for various organs or body regions in normal, anaes- 
thetized (pentobarbital) dogs are summarized in Table 2. Although the mean 
values for the venous plasma levels tend to be lower than those for the arterial 
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ones, the differences between the simultaneous concentrations were not 


statistically significant (P > 0-1) except for the kidney where the results suggest 
a possible 3% loss of BSP (P =0-02). 


DISCUSSION 
‘Guided’ catheterization 

During this investigation, we again found that the ‘guided’ technique affords 
positive control of the catheter during its initial insertion or subsequent 
relocation in accessible vessels. The well demonstrated (Sussman, 1951) reflux 
of blood from the inferior vena cava into the hepatic veins emphasizes the 
necessity of locating the catheter deep within these veins. This may be readily 
achieved by ‘guided’ catheterization. Not only hepatic veins but also portal- 
caval anastomoses, the renal vessels, the coeliac axis and the mesenteric 
arteries may be catheterized by this means (Rappaport, 1951, 1952). The 
‘guided’ technique has thus facilitated both the physiological study and the 
angiography of the organs supplied by these vessels. 


Validity of the bromsulphalein method in dogs 

The validity of the BSP method for estimating hepatic blood flow depends 
upon certain assumptions. Their justification in humans has been discussed 
by Bradley et al. (1945; Bradley, 1947, 1951) and by Myers (1950). The same 
questions arise when the method is used with dogs. First, is the amount of 
BSP in the portal venous blood the same as that in the arterial blood? We 
investigated this under the conditions for EHBF determination. Like Pratt, 
Burdick & Holmes (1952), we found no statistically significant difference 
between simultaneous portal venous and aortic dye concentrations. Pratt, 
Burdick & Holmes (1952) also found that the amount of dye returned through 
the thoracic duct is negligible. They and Lorber, Oppenheimer, Shay, Lynch 
& Siplet (1953) have shown that the intestinal absorption of BSP excreted in 
the bile does not significantly affect the estimation of hepatic blood flow. Thus, 
in normal dogs, no appreciable error arises from the prehepatic removal of 
BSP, or the by-passing of the liver by lymphatics, or the entero-hepatic 
circulation of the dye. 

Secondly, is the blood obtained from one hepatic vein representative of the 
total hepatic outflow? ‘Guided’ catheterization greatly facilitated investiga- 
tion of this question. Neither we nor Werner & Horvath (1952) found any 
significant difference between the BSP concentration in simultaneous or 
successive blood samples from different hepatic veins. Pratt, Burdick & 
Holmes (1952) found none between left and mixed hepatic venous bloods. In 
normal dogs, therefore, it may be assumed that a sample from one hepatic 
vein is equivalent to that from another. zs 
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Thirdly, is there any appreciable extrahepatic removal of BSP from the 
blood in normal dogs? Somewhat divergent results have been reported for 
eviscerated, nephrectomized, hepatectomized dogs (Cohn, Levine & Streicher, 
1947; Cohn, Levine & Kolinsky, 1948) and hepatectomized dogs (Bradley, 
1951; Horvath, Hutt, Knapp & Werner, 1953). Because ‘the state of the 
animal is markedly altered by hepatectomy’ (Horvath et al. 1953)—sufficient 
that the average survival was only 24 hr—there is no apparent justification 
for extending conclusions from such preparations to intact dogs. Possible 
extrahepatic removal of BSP as it may affect estimation of hepatic blood flow 
should be investigated in normal animals under the conditions for determining 
the EHBF. Our studies on regional arterio-venous differences approached 
this ideal but laparotomy was necessary. Nevertheless, although we found 
that about 3% of the dye is removed by the kidneys (cf. Mason, Hawley & 
Smith, 1948; Pratt, Burdick & Holmes, 1952), we could not demonstrate any 
significant BSP uptake by the tissue of the fore or hind limbs, the head and 
neck, the prehepatic splanchnic area or the entire region draining into the 
inferior vena cava below the renal veins. 

Mason ez al, (1948) attributed the initial, rapid disappearance of BSP from 
the blood to some extrahepatic mechanism which quickly becomes ‘saturated’. 
This might also be ascribed to the liver cells in which a certain concentration 
of dye may need to be established. Alternatively, the dye may be bound to 
intracellular proteins in mo&t tissues but theoretical considerations (Brauer & 
Pessotti, 1949) indicate that such uptake would be limited to a small amount 
where no excretory mechanism exists. Only the liver is known to possess the 
latter. 

Although Brauer & Pessotti (1950) concluded that 77-89% of the BSP 
removed from the blood is extracted by the liver, later observations (Brauer, 
Krebs & Pessotti, 1950) suggest that the remainder may be destroyed there. 
This would not invalidate the BSP method which requires that the liver be the 
site of uptake of BSP from the blood and that none of the dye is returned to 
the blood. There is no evidence of the latter. 

Thus, there appears to be no convincing evidence of extrahepatic removal 
of BSP in normal dogs. The rate of hepatic uptake may be considered pro- 
portional to the rate of infusion, the two being practically equal while the 
arterial BSP concentration remains constant because renal excretion intro- 
duces only a small error. Corrections may be made for variations in the 
arterial level (Bradley et al. 1945). 

Fourthly, what are the effects of catheterization and BSP upon the hepatic 
vasculature and blood flow? As Bradley et al. (1945) observed in humans, we 
have noted occasionally peripheral venospasm and, rarely, signs suggestive of 
hepatic venospasm in dogs but these phenomena were only transient. There 
is no direct evidence of any immediate effects of BSP. However, the com- 
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parative studies in human subjects reported by Myers (1947) suggest not only 
that BSP has no appreciable effect upon the liver but also that all the 
assumptions underlying the BSP method are justified. 

From these considerations, we conclude that as a method of physiological 
investigation, the BSP one is valid for estimating hepatic blood flow in normal 
dogs. 

Hepatic blood flow in normal dogs 

Recently, Werner & Horvath (1951, 1952), Heineman et al. (1952) and Pratt, 
Burdick & Holmes (1952) have reported their studies with the BSP method for 
determining hepatic blood flow in normal dogs. Their results are summarized 
with ours in Table 3. In general, our values are similar to those reported by 
Werner& Horvath (1952) for dogs under pentobarbitone anaesthesia, although 
they are appreciably less than those of Pratt, Burdick & Holmes (1952) for 
unanaesthetized dogs. Considering the effects of various anaesthetics upon 
the EHBF in man (Papper, Habif & Bradley, 1950; Bradley, 1951), it was 
first thought that the difference might be attributed to the anaesthetic. 
However, Pratt, Homes & Scheid (1952) have recently reported that in dogs, 


Nembutal produces no change or an increase (up to 190%) in hepatic blood 
flow. 


T 3. Com of values for tic blood flow in normal determined 
ABLE parison gb hepa dogs as 


Hepatic blood flow (ml./min) 
No. of Per kg : 
Investigators Anaesthetic Dogs Expte. weight Per m* of liver 
Casselman & Rappaport Na pento- 21 33 37423 970463 156411 
barbitone 
Heineman ef al. (1952) Nembutal 12 ? 31 -— — 
Werner & Horvath (1952) Nembutal 17 49 42129 1140478 140 
Pratt, Burdick & Holmes None 14 51 48-6+49-9 


(1952) 


Compared with the mean value reported by Werner & Horvath (1952), the 
rate of flow per 100 g of liver is some 10%, higher in our animals. This may be 
partly due to our estimating the liver weights to be 2-24-2-45%, of the body 
weight, whereas Werner & Horvath assumed them to be 3%. Like these 
authors and Pratt, Burdick & Holmes (1952), we noted appreciable spontaneous 
variations in the EHBF in normal dogs. In any given animal, these were not 
apparently related to changes in body weight, rate of dye infusion or season. 
Because it depends upon the Fick principle, the BSP method measures the 
flow of blood from the liver. Variations in the calculated EHBF, therefore, 
may reflect changes in the blood capacity of the liver as well as in the rate of 
flow of blood into this organ from the splanchnic region and through the 
hepatic artery. 

In both anaesthetized (Werner & Horvath, 1952) and —- 


A 
‘ 
. 7 


180 W.G. BRUCE CASSELMAN AND A. M. RAPPAPORT 


(Pratt, Burdick & Holmes, 1952) dogs, the rates of blood flow estimated by 
the BSP method are higher than those obtained by other methods which, 
however, involve procedures possibly inducing marked changes in hepatic 
circulation (Pratt, Burdick & Holmes, 1952). Since the BSP method appears 
to be valid, it probably gives values nearer the truth in normal, intact dogs. 
Correction for supposed extrahepatic removal so that the results will be in 
better agreement with the values obtained by the other methods (Werner & 
Horvath, 1952; Horvath e¢ al. 1953) seems unwarranted. 

Like Pratt, Burdick & Holmes (1952), we found that smaller dogs may have 
greater relative hepatic blood flows and that there is no correlation between 
the rate of BSP infusion and either the EHBF or the hepatic clearance of BSP. 
Neither we nor the others (Werner & Horvath, 1952; Pratt, Burdick & Holmes, 
1952) found any correlation between the arterial BSP concentration and either 
the EHBF or the BSP extraction, suggesting that the Im or maximum hepatic 
transport capacity for BSP (Lewis, 1950) was not exceeded. As theoretically 
expected, we did observe a significant (P < 0-01) inverse relationship between 
the arterial BSP concentration and dye extraction in different dogs having 
essentially the same EHBF values when studied at the same rate of BSP 
infusion (cf. Myers, Brannon & Holland, 1950). 

During most of our experiments, the arterial plasma BSP level exceeded 
1-0 mg/100 ml. In those instances where it was considerably less than this, 
we observed no unusually high values for EH BF or low ones for BSP extraction. 
This is in contrast to the observations in humans reported by Sherlock, Bearn, 
Billing & Patterson (1950) but agrees with the observations in men and in dogs 
reported by others. Myers (1950) has suggested that the unusual results noted 
by Sherlock and her associates may have been due to improper placement of 
the venous catheter or to impaired hepatic function. 

From the data given by Pratt, Burdick & Holmes (1952) for unanaes- 
thetized dogs, the mean BSP clearance can be calculated to be 9-5 ml./min/kg 
body weight which is similar to our mean value, 8-0, for anaesthetized dogs. 
The mean BSP extraction reported by Werner & Horvath (1952), 34%, is 
somewhat lower than our 39-8%, but the difference probably has no physio- 
logical significance. 

SUMMARY 


1. ‘Guided’ catheterization of the hepatic veins facilitated the study of 
hepatic blood flow in normal dogs by affording precise control of the catheter 
and ready sampling from various veins without delay or interruption of an 
experiment. 

2. There was no evidence of bromsulphalein uptake by tissues of the limbs, 
head and neck, prehepatic splanchnic area, or the entire region of the body 
draining into the inferior vena cava below the level of the renal veins. About 
3% of the dye is removed by the kidneys. 
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3. It is concluded that the bromsulphalein method for estimating hepatic 
blood flow is valid in normal dogs. 


4. The following mean values were established after thirty-three series of 
observations on twenty-one anaesthetized, normal dogs: BSP extraction 
= 39-8 + 2% or 0-74 +0:17 mg/min/100 g liver; EHBF =37-0 + 2-3 ml./min/kg 
body weight, 156 +11 ml./min/100 g liver, or 970 + 63 ml./min/m*; and BSP 
clearance = 8-0 + 0-8 ml./kg body co 34 + 3-4 ml./100 g liver, or 182+ 
18 ml./m?. 


The authors gratefully acknowledge the advice and encouragement given by Prof. C. H. Best 
and the technical assistance given by Mrs H. Hausler and Mr B. Bodroghy. 
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ESTIMATED HEPATIC BLOOD FLOW AND BROM- 
SULPHALEIN CLEARANCE IN DOGS WITH 
EXPERIMENTAL ISCHAEMIA OF THE LIVER 
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Studies on hepatic ischaemia led to the development of a surgical method for 
drastically reducing the blood supply to the liver in dogs (Rappaport, 1951). 
In three stages, all the named afferent vessels to this organ are ligated and the 
portal blood diverted into the inferior vena cava. The liver is then dependent 
entirely upon collateral circulation for survival. Various investigations have 
been made upon dogs which have undergone this operation or modifications 
of it (Rappaport, 1951; Rappaport & Lotto, 1951; Rappaport, Borowy & 
Lotto, 1953; Rappaport, Macdonald & Borowy, 1953; Rappaport, Lotto & 
Lougheed, to be published). Here we report those concerning the hepatic 
blood flow as estimated by the bromsulphalein method (Bradley, Inglefinger, 
Bradley & Curry, 1945) and hepatic uptake of that dye in seven such dogs. 


METHODS 


The operative history of each dog is summarized below. Hepatic ischaemia was generally produced 
by the method mentioned (Rappaport, 1951). The procedure for estimating the hepatic blood flow 
(EHBF) and the hepatic uptake of bromsulphalein (BSP) was similar to that used during our 
studies on normal dogs (Casselman & Rappaport, 1954) except that the rate of BSP infusion was 
reduced so that the arterial concentration of the dye would be similar to that attained in the 
normals. The mean infusion rate was 0-69 mg/min which corresponds to 0-052 mg/min/kg body wt., 
0-21 mg/min/100 g liver or 1-19 mg/min/m*. The resultant mean arterial plasma BSP concentration 
was 2-62 mg/100 ml. or 12% above that in our normal dogs. 

Dog A-8. xi. 48, partial Eck fistula, common hepatic a. ligated; 1. xi. 49, all branches of hepatic 
a. ligated; 11. vii. 50, p tico-duodenal v. and inferior tico-duodenal a. ligated; 
15 and 21, ii. 51, KELBF determinetions. Summary: In 20 months, all afferents and the collateral 
inferior pancreatico-d l a. were ligated. EHBF determined 7 months later. 


* Senior Medical Research Fellow, National Research Council of Canada. 
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Dog A-9. 17. iv. 49, partial Eck fistula, common hepatic a. ligated; 12. xi. 49, all branches of 
hepatic a. ligated; 27. vi. 50, inferior p tico-duodenal a. ligated; 17. x. 50, pancreatico- 
duodenal v. ligated; 22 and 28. iii.51, EHBF determinations. Swmmary: in 19 months, all 
afferents were ligated. EHBF determined 5 months later. 

Dog A-22. Summary: in 64 months, from 26. iii. 50 to 5. x. 50, all afferents were ligated. 
EHBF determined 6 months later on 11 and 13. iv. 51. 

Dog A-5O0. 19. i. 51, partial Eck fistula, common hepatic a. ligated; 22. i.51, pancreatico- 
duodenal v, ligated ; 9. iv. 51, all branches of hepatic a. ligated; 24 and 26. iii. 52, EH BF determina- 
tions. Summary: in 34 months, all afferents ligated, with only 3 days instead of 6 weeks between 
Ist and 2nd stages. EH BF determined 11} months later. 

Dog A-55. 19. ii. 51, partial Eck fistula, common hepatic a. ligated; 3. v. 51, right gastric v. and 
all branches of hepatic a. ligated; a4 end. 36, il. 63, EERE determinations. Summary: in 
2} months, hepatic blood supply restricted to p tico-duodenal v. and collaterals. EHBF 
determined 10} months later. 

Dog D-20. 18. i. 49, all branches of hepatic a. ligated; 16. i. 50, partial Eck fistula; 18. vii. 50, 
inferior pancreatico-duodenal a. ligated; G1, Summary: in one yesr, 
portal ood supply to lier revtrioted to pen denal v. EH BF determined 9 months 


mele Summary: all afferents were ligated in four stages, 


RESULTS 


The results for each dog are presented in Table 1. In all cases the EHBF is 
abnormally low, averaging only 30-8% of normal. The percentages of BSP 
extracted are normal for four dogs (A-8, A—22, D-20, PC A-2), somewhat low 
for 2 (4-50, A-55) and abnormally low for one (A-9). In all but 2 (4-55, 
PCA-2), the rates of BSP extraction are less (average = 55-5 °%/,) than the normal 
mean. The BSP clearances are only 40-45% of normal. For any dog, the 
variations in the EHBF within a series of observations or between successive 
series were of the same magnitudes as occurred in normal dogs. 


DISCUSSION 


Certain limitations affect interpretation of the foregoing results. First, the 
validity of the BSP method for determining hepatic blood flow depends upon 
certain assumptions. We have already discussed their justification in normal 
dogs (Casselman & Rappaport, 1954) but, without experimental verification, 
we have considered them as applying in our dogs with hepatic ischaemia. 
Secondly, circulatory measurements are subject to inherent variations which 
may cause wide discrepancies even among similar individuals (Warren, Stead 
& Brannon, 1946). Thirdly, blood samples were taken usually from only one 
or two hepatic veins. Although in normal animals the composition of the 
blood from one vein may be identical with that from others, there is no 
assurance that this is still true following alterations in blood supply whose 
effects may not be symmetrically distributed throughout the liver. Fourthly, 
our studies could not always be made under identical conditions; for example, 
nutritional status, time in relation to various stages of operation, and exact 
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degree of anaesthesia could not be rigidly controlled. The group mean values 
in Table 1 are, therefore, most pertinent for discussion. These suggest that the 
surgical procedures so reduced hepatic blood flow that it was still only one- 
third of normal after collateral circulation had become well established. 

Uptake of BSP from the blood by the liver depends upon the rate at which 
the dye is brought to that organ (that is, hepatic blood flow and dye concentra- 
tion), the ability of the hepatic cells to extract BSP from the blood and to 
excrete it and its metabolic products in the bile, and the elimination of the dye 
and these products through the biliary system. During EHBF determinations, 
unless there is frank biliary obstruction, only the first two factors are 
important. In the experimental data, these are represented by the arterial 
concentration of BSP (A), the hepatic arterio-venous differences in BSP con- 
centration (A—H), and the rate of dye infusion (J). Only two of these are 
required for calculating the percentage of dye extracted by the liver (#) but 
all three are necessary for the BSP clearance (C): 


E=100(A-H)/A; C=1001/(A-H). 


The latter more completely represents the state of hepatic function because it 
includes measures of not only hepatocellular activity but also rate of blood 
flow through the liver. The percentage BSP extraction more directly reflects 
cellular ability to extract the dye from the blood under the conditions existing 
during the EHBF determination and, therefore, gives some indication of the 
reliability of the latter. 

In the dogs with hepatic ischaemia, although the rate of BSP extraction is 
decreased, the percentage is nearly normal. This suggests that in most of the 
animals the liver cells were taking up BSP almost as effectively as those of 
normal dogs for similar dye concentrations. This agrees with the results of 
various liver function tests, other than BSP retention, which either were 
normal or showed only minimal impairment. The reliability of the observed 
EHBF values, therefore, may be similar to that for normal dogs. 

The reduction in hepatic excretory function, as evidenced by the marked 
decrease in BSP clearance and some increase in independently measured BSP 
retention, might be attributed to the reduction in rate of blood flow through 
the liver. In effect, even though the liver cells may have nearly normal 
functional capacity, the dye to be excreted is not delivered rapidly enough to 
them. Such capacity, despite greatly reduced blood supply, may be related 
to most of the blood being arterial rather than portal venous. The possible 
clinical importance of decreased blood flow through the liver, especially in 
hepatic coma, and other implications of experimental hepatic ischaemia are 
discussed elsewhere (Rappaport & Lotto, 1951; Rappaport, Borowy & Lotto, 
1953; Rappaport, Macdonald & Borowy, 1953; Rappaport, Lotto & Lougheed, 
to be published). 
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SUMMARY 


_1, The estimated hepatic blood flow and clearance of bromsulphalein were 
determined in seven dogs with hepatic ischaemia. The mean (+ 8.8.) values 
were: BSP extraction=34-142-3%, 0-41+0-04 mg/min/100 g liver; BSP 
clearance = 3-6 + 0-4 ml./kg body wt, 14-0 + 1-5 ml./100 g liver, or 79 +8 ml./m?. 
EHBF =12-5 + 1-9 ml./min/kg body wt., 49-6+7-6 ml./min/100 g liver, or 
277+ 17 ml./min/m*. Percentage BSP extraction was 85% and rate of extrac- 
tion 55% of normal. BSP clearance was 42°, and EHBF only 30% of normal. 

2. It is suggested that decreased hepatic clearance and increased retention 
of bromsulphalein may be largely attributable to the decreased hepatic blood 
flow, and that hepato-cellular function may be nearly normal in these dogs 
with experimental ischaemia of the liver. 


The authors wish to thank Prof. C. H. Best for his advice and Mrs H. Hausler and Mr B. 
Bodroghy for technical assistance during this investigation. 
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AMINE OXIDASE IN THE GUINEA-PIG ADRENAL MEDULLA 


By C. M. FRANCIS* 
From the Physiological Laboratory, University of Cambridge 
(Received 28 November 1953) 


It was shown previously that amine oxidase can be localized histochemically 
by the use of a tetrazolium compound as hydrogen acceptor (Francis, 1953). 
This method was originally developed with the idea of attempting to localize 
the activity of the enzyme in the nervous system in order to investigate which 
neurones, if any, are adrenergic and which are not. This attempt has not been 
very successful, which is perhaps not surprising since there is no direct 
evidence for the occurrence of adrenergic neurones in the central nervous 
system. There is, however, one situation, the adrenal medulla, where a large 
amount of adrenaline or adrenaline-like substance is liberated and where one 
might therefore expect to find localized activity of amine oxidase also; hence 
the adrenal medulla was studied by this method. 


METHODS 


In the oxidation of tyramine by amine oxidase, hydrogen peroxide is formed, indicating that the 
reaction is a dehydrogenation. Instead of molecular oxygen, neotetrazolium (pp’-diphenylene- 
bis-2-[3, 5-diphenyl] tetrazolium chloride) can be used as hydrogen acceptor and this compound, 
on being reduced, will be precipitated as blue formazan. This is the basis for the histochemical 
method. 

The freshly removed adrenal gland of the guinea-pig was cut into thick sections (40) on the 
freezing microtome. The sections were washed in 0-1 m phosphate buffer of pH 7-4 for 15 min and 
then incubated at 37°C for 2-3 hr in a solution of equal parts 0-1% neotetrazolium, 0-1 ™ 
phosphate buffer of pH 7-4 and 0-1 % solution of tyramine hydrochloride. They were then washed 
in distilled water, hardened in 10% neutral formalin and mounted in dilute glycerol. A brief 
treatment, for 1 or 2 min, of the sections with acetone before mounting them in glycerol removed 
the fat which is stained red by the neotetrazolium; the reduced blue formazan is left behind. 
Controls were done by (1) incubating the sections without the substrate tyramine, and (2) treating 
the sections with octyl alcohol (inhibitor of the enzyme) for 3 hr before incubating in the usual way. 

In order to identify the cells which showed the formazan precipitate, the following special 
staining methods for nervous structures were employed. To stain Nissl substance, paraffin 
sections from the adrenals (fixed in Susa) were stained with toluidine blue, neutral red, or carbo! 
thionin, or with a very dilute solution of thionin in water for 24 hr which gives the metachromatic 
staining. To impregnate the nervous structures with silver the method of Nonidez (1939) was used. 


* Permanent address: Medical College, Trivandrum, India. 
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The tissue was fixed in chloral hydrate in alcohol, treated with ammonia in alcohol and silvered 
as a whole block in 2% silver nitrate, The silver nitrate is reduced with pyrogallol and formalin. 
The tissue was washed well in distilled water, dehydrated slowly in ascending grades of alcohol and 
embedded in paraffin. Thick sections (20 1) were cut, deparaffinized and viewed under the micro- 
scope. 

RESULTS 


The blue precipitate of the reduced formazan was found in very few cells only 
in the adrenal medulla (Pl. 1, fig. 1). These cells occurred in clusters, were 
usually larger in size than the rest of the cells in the medulla and more or less 
rounded in shape, and stood out in contrast to the rest of the medullary cells 
which did not show any precipitate. The formazan precipitate was dense, 
filling up the cytoplasm almost completely but with none at all in the nucleus. 
The precipitate was in the form of coarse granules, small rodlets or filaments. 
No precipitate of the reduced formazan was seen in either of the control 
sections. 

With thionin, metachromatic (purple) staining of the cytoplasm was found 
in the same cells which showed the formazan precipitate. These cells had 
prominent nucleoli (Pl. 1, fig. 2). The other cells in the medulla stained only 
bluish and lacked prominent nucleoli. With neutral red or carbol thionin, the 
scattered clusters of cells which showed the formazan precipitate again 
stained well and showed prominent nucleoli, while the rest of the cells in the 
adrenal medulla stained very faintly and no prominent nucleoli were seen in 
them. 

By the method of Nonidez, the clusters of cells which were stained in 
Pl. 1, figs. 1 and 2, stained very faintly (Pl. 1, fig. 3); the cytoplasm of the cells 
appeared as pale yellow and the nucleus was not coloured. Large bundles of 
heavily impregnated nerve fibres were seen in conjunction with these clusters 
of cells, and a few fibrils in the cytoplasm of the cells themselves. 


DISCUSSION 


Ganglion cells have been demonstrated in the adrenal medulla by Dogiel in 
1894 and his finding has been confirmed by many histologists (for references 
see Alpert, 1931). In the present experiments they have been identified by 
staining methods for Nissl substance, and it was found that the formazan 
precipitate was located at the site of these cells which appeared usually in 
small clusters. Thus, it appears that the ganglion cells are the source of the 
amine oxidase in the adrenal medulla. | 

The medullary cells of the suprarenals and the cells of the sympathetic 
ganglia have a similar embryological origin. The presence of a few ganglion 
cells in the medulla might suggest that the differentiation to chromaffine cells 
has not involved all the cells and that a few have developed into true ganglion 
cells which would then correspond to the cell bodies of adrenergic neurones. 
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The presence of amine oxidase in these cells would not be surprising, in view 
of the fact that sympathetic ganglia contain the enzyme (Werle & Roewer, 
1952; Blaschko, 1952). It is not at all proved that these ganglion cells give 
rise to functional postganglionic fibres terminating in the chromaffine medullary 
cells. 

If Nonidez is correct in claiming that his method separates the heavily 
impregnated, postganglionic, parasympathetic fibres, which are cholinergic, 
from the lightly impregnated, postganglionic, sympathetic fibres, which are 
adrenergic, then on the same basis the heavy staining of the fibres leading to 
the ganglion cells in the adrenal medulla indicates that the ganglion cells are 
the cell bodies of adrenergic fibres. 

The shape of the precipitate of reduced formazan in the cytoplasm of the 
ganglion cells indicates that the enzyme is present in the mitochondria. This 
would agree with the findings of Cotzias & Dole (1951) and Hawkins (1952) in 
other tissues, in which most of the amine oxidase activity was located in cell 
fractions containing the mitochondria. However, a certain caution is neces- 
sary, because the form which the precipitate takes in the histochemical test 
might be due to adsorption on to formed elements or merély to aggregation of 
the precipitate. 

Langemann (1951) found that the amine oxidase activity of the adrenal 
tissue, both cortex and medulla, of the ox was lower than that of the liver or 
kidney. In the liver all cells contain the enzyme to a greater or less extent. 
The present findings suggest that in the adrenal medulla, however, amine 
oxidase activity is confined to the scattered clusters of ganglion cells. This 
would account for the greater enzymic activity of liver compared with that of 
adrenal medulla when conclusions are drawn from results obtained with 
homogenates. However, the density of the precipitate of reduced formazan 
in a ganglion cell of the adrenal medulla is much greater than in any liver cell 
when similarly treated. This indicates that the ganglion cells in the adrenal 
medulla have a higher content of amine oxidase than the liver cells. 


SUMMARY 


1. The adrenal medulla of the guinea-pig has been tested histochemically 
for amine oxidase activity using tyramine as substrate and a tetrazolium 
compound as hydrogen acceptor. , 

2. Demonstrable amine oxidase activity is seen only in the ganglion cells 
found scattered in clusters in the medulla. 


I am extremely grateful to Dr E. N. Willmer for his great interest in the work and encourage- 
ment. The photomicrographs were taken by Mr F. E. Speed, to whom I am very grateful. 
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EXPLANATION OF PLATE 


Fig. 1. Photomicrograph of a frozen section (40) of the guinea-pig adrenal gland incubated 
with tyramine and neotetrazolium for 2 hr. The dark precipitate of reduced formazan in the 
cluster of cells indicates amine oxidase activity. A part of the cortex can be seen on the left. 
This appears darker than the medulla because of the red staining of the fat in the adrenal 
cortical cells by tetrazolium which has not been removed in this section. ( x 150 approx.) 

Fig. 2. Photomicrograph of a section (5x) of the guinea-pig adrenal medulla. The gland is fixed 
in Susa and stained with very dilute thionin to get metachromatic staining. Note the two 
darkly stained cells with prominent nucleolus in the lower cell. ( x 375 approx.) 

Fig. 3. Photomicrograph of a section (20) of the adrenal medulla of guinea-pig stained by the 
Nonidez silver impregnation method. Note the binucleate appearance of the ganglion cells 
with cytoplasm stained palely and the large bundle of dark nerve fibres approaching them. 
( x 225 approx.) 
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_IN RESPIRATION* 


ERRATA 


Journal of Physiology, 123, no. 3 
Jacobson, W. ‘Citrovorum factor and aminopterin’, p. 624, Fig. 2, 
for ordinate label read ‘log um LCF’; 
for abscissa label read ‘log 4m aminopterin’. 


Journal of Physiology, 124, no. 1 


Innes, I. R. and Kosterlitz, H. W. ‘Denervation of nictitating 
membrane’, p. 42, 


line 2, for ‘ability’ read ‘inability’ ; 
line 6, for ‘ possessing’ read ‘not possessing’. 


the resting level of the diaphragm at the end of a quiet respiration changed 
greatly and the pattern of diaphragmatic movement in relationship to this 
resting level showed great changes. These authors realized, however, that 
some of their measurements of diaphragmatic movement were unreliable 
because vertical movements of the thoracic cage that occurred with respiration 
* Part of a thesis accepted for the doctorate of medicine by the University of Cambridge. 
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Comprehensive investigations of the movements of the diaphragm were made 
shortly after the introduction of radiology by Jamin (1906), Dally (1908) and 
Keith (1907, 1909). Jamin and Dally both reported difficulty in measuring 
the extent of diaphragmatic movement because in some subjects the whole 
chest lifts at the end of deep inspiration and with it the diaphragm which may 
lie at a higher level at the end of deep inspiration than at the end of quiet 
respiration. Dally attributed this to extension and flexion of the vertebral 
column which occurs in some subjects on deep inspiration. 

The relationship between movements of the thoracic cage and the dia- 
phragm has been investigated by Sewall & Pollard (1890) and Staehelin & 
Schutze (1912) who attempted to assess the diaphragmatic component of 
respiration by observing changes of circumference of the abdomen, and by 
Herxheimer (1949) who recorded ventilation with a spirometer and changes of 
chest circumference with a thoracometer designed by Verzar (1946). None of 
these workers observed diaphragmatic movements directly. Herxheimer has 
suggested that there is dissociation of the movementsof the chest and diaphragm 
and that at different phases of deep respiration first one and then the other 
plays the predominant part in ventilating the lungs. 

Wade & Gilson (1951) described a method of measuring diaphragmatic 
movement and showed that with changes of posture the extent of dia- 
phragmatic movement in both quiet and deep respiration varied little, but 
the resting level of the diaphragm at the end of a quiet respiration changed 
greatly and the pattern of diaphragmatic movement in relationship to this 
resting level showed great changes. These authors realized, however, that 
some of their measurements of diaphragmatic movement were unreliable 
because vertical movements of the thoracic cage that occurred with respiration 

* Part of a thesis accepted for the doctorate of medicine by the University of Cambridge. 
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distorted the recording and measurement of the diaphragmatic movements. 
The studies here reported were made to determine the relationship between 
movements of the diaphragm and changes of chest circumference during 
respiration, and to determine whether there can be independent movements 
of the diaphragm and the chest wall and whether these are under voluntary 
control. In this investigation vertical movements of the thoracic cage have 
been recorded and measured so that error due to this cause in assessing the 
extent of movements of the diaphragm could be eliminated as far as possible. 


TasB_e |. Corrections for geometric distortion made to measurements from records of 


diaphragmatic movement 
Extent of movement of 
diaphragm away from 
ite resting level as 
from screen Correction made 
(cm) (cm) 
0-1-9 No correction 
2-3-9 Subtract 0-5 
4-5-9 Subtract 0-75 
6-10 Subtract 1-0 
10 or more Subtract 1-3 
Side Front 


Mercury-in-rubber 
transducer 


X-Ray table — 


Fig. 1. Diagram showing the method of tracking diaphragmatic movement and of recording 
vertical movements of the chest and changes of chest circumference. Inset diagram 
illustrates the geometric distortion for which corrections were made. 

METHODS 
Respiration and diaphragm movements are recorded and measured by the method described by 
Wade & Gilson (1951). While a spirogram is being made, the subject is screened and the move- 


ments of the shadow of each dome of the diaphragm are tracked on a fluorescent screen (Fig. 1). 
Corrections (Table 1) are made for geometric distortion (Fig. 1). 


Screen 
Scale 
Cross wires 
Tube — Tracker 
\ to chest | 
\ 
Expiration 
a er Yn | 
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In this investigation vertical movements of the front of the thoracic cage are also recorded. 
A small Perspex plate, part of the apparatus for recording changes in chest circumference, is 
strapped firmly to the chest wall over the sternoxiphisternal joint and vertical movements are 
recorded by a Bowden cable. The tension of the spring loading of this cable is 800 g. Fig. 2 
shows a typical recording of respiration, diaphragmatic movement and vertical chest movement. 
The nomenclature employed in this study is also shown. 


Standing Supine 


M. diaphragmatic 
DM. T.D.M. 


Time 


Fig. 2. Tracing of typical records of movements of the right leaf of the diaphragm, of vertical 
movements of the chest and of changes of chest circumference with simultaneous spirogram 
made in the supine and erect posture. R.D.M.=Reserve diaphragmatic movement. 
C.D.M.=Complemental diaphragmatic movement. 7.D.M. = diaphragmatic move- 
ment. J.C.=—Inspiratory capacity. 2.R.V.=Expiratory reserve volume. 7.V.=Tidal 
volume. R.C.M.=Reserve chest movement (change of circumference). C.C.M.=Comple- 
mental chest movement (change of circumference). 7'.C.M.=Tidal chest movement (change 
of circumference). 


The recording and measurement of chest expansion 
A modification has been made of a method used by Whitney (1949) to measure changes in limb 
volume. A transducer of rubber tubes filled with mercury is wrapped round the chest. Stretching 
the tubes lengthens and narrows the columns of mercury and increases their electrical resistance. 
These mereury resistances form two arms of a balanced Wheatstone bridge and slight changes in 
the balance of the bridge which occur when the resistances vary, are amplified and recorded by 
a sensitive galvanometer (Fig. 3 and Appendix). 


Design of the transducer 
Four 60 cm lengths of rubber tubing of 0-5 mm bore and 1-5 mm external diameter are filled 
with mercury and plugged with pins formed from the heads of brass bolts. The bolts are fixed to 
two Perspex bars (Fig. 4) and are used as electrical contacts to incorporate the mercury resistances 
as part of the Wheatstone bridge circuit. The mercury filled tubing is looped over small pulleys 
countersunk into a Perspex plate. The instrument is wrapped horizontally round the chest, the 
plate is fixed firmly by strapping to the skin over the lower end of the sternum and the two bars 
are clipped together and strapped to the skin over the spine. 
13-2 


cm 
Resting level Thoracic 
vertical 
movement 
Litres 
\) Resting respiratory level 
Expansion 
Change of 
R.CM. Resting level | chest 
cm COME \ / circumference 
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Each mercury-filled tube weighs 4 g and its resistance unstretched is 3-5 Q. The weight of the 
whole instrument is 300g. Fig. 5 is a graph showing the changes of tension that accompany 
changes of length of the whole instrument. 

When the apparatus is fixed around the subject’s chest, the Wheatstone bridge is balanced so 
that the galvanometer gives zero reading for the circumference of the chest corresponding to the 
resting respiratory level at the end of quiet expiration. The galvanometer gives a deflexion above 
zero when the chest contracts in expiration and below zero when it expands on inspiration. 
Although the apparatus records changes of chest circumference, it cannot be used to measure the 
initial circumference of the chest. This is done with a spring-loaded measuring tape (Morant & 
Gilson, 1945) to the nearest half inch when the subject is at the end of a quiet expiration. 


6V6G 


hh 


6V6G 


Fig. 3. Cirouit for mercury-in-rubber transducer and Hughes pen recorder. A and A’, resistance 
of mercury-in-rubber transducer. R and R’, coupled variable resistance for balancing bridge 
circuit. Details of the circuit are given in an appendix. 


Fig. 4. The mercury-in-rubber transducer. The Bowden cable for recording vertical 
movements of the chest is attached to the central plate. 
Calibration of the instrument 
The response of the apparatus to changes in length is found to vary with the current across the 
bridge circuit, being more sensitive with high current (up to 400 mA), and when the initial state 
of stretch of the instrument is great. Fig. 6 is a graph showing the deflexion of the galvanometer 
needle that occurs with changes of length of the apparatus when the bridge circuit has been 
balanced (galvanometer reading zero) at an initial length of 30, 34, 36 and 39 in. and with currents 
of 230, 325 and 400 mA. Full scale deflexion of the galvanometer needle is 20 mm either side of 

zero and within most of this range its response to change of length is almost linear. 


Speed of response of the instrument 
The recording galvanometer is capable of responding accurately to signals of a frequency of 
60 c/s. The limiting factor of frequency response is inertia of the mass of the mercury. Fig. 7 
shows the response of the instrument when its length is changed manually by 10 cm as rapidly 
as possible (about 60 movements to a minute). It gives a full response whether being lengthened 
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60 70 80 90 100 
Length of tubing (cm) 
Fig. 5. Graph showing the tension required to stretch the rubber tubes of the 
mercury-in-rubber transducer over the range 60-100 cm. 


$2 
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12 
14 : 
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18 | o~o~o Bridge circuit, 230mA 
Bridge circuit, 325 mA 
Bridge circuit, 400 mA 
Length (in.) 


Fig. 6. Calibration of mercury-in-rubber transducer. Deflexion of galvanometer plotted against 
change in length of the strain gauge when balanced (galvanometer reading zero) at initial 
length of 30, 34, 36 and 39 in. 
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or shortened and shows no appreciable hysteresis under these conditions, and the response is, 
therefore, adequate to record change of chest circumference at the highest rate of respiration 
encountered. 

The following are points of practical importance: 

(1) The apparatus must be kept in the dark when not in use as the rubber tubes perish. | 

(2) The rubber tubes can be filled with mercury under slight positive pressure with a small 
hypodermic syringe and needle. 

(3) Amalgam forms at the brass mercury junction and after periods of 3-4 months increases 
the resistances of the circuit and causes slight reduction in sensitivity of the instrument. 


Forced ee Vital capacity 


i iL. i L 
10 sec time marker 
Fig. 7. Response of the mercury-in-rubber transducer. 


Measurements from the records 

The tidal volume, inspiratory capacity and expiratory reserve volume are measured from the 
resting respiratory level to the nearest 0-01 1. Volumes are corrected to 37° C fully saturated with 
water vapour. The vital capacity is taken as the sum of the two latter corrected volumes. 
Measurements of tidal, complemental and reserve diaphragmatic movement are made from the 
resting diphragmatic level to the nearest } cm and are corrected for geometric distortion (Table 1). 
Measurements are made of vertical movement of the thoracic cage to the nearest }cm. If these 
occur they distort the record of the compleniental and the reserve diaphragmatic movement 
and to correct for this the amount of upward movement of the thoracic cage occurring during 
inspiration is added to the complemental diaphragmatic movement, and the amount of downward 
movement on expiration is added to the reserve diaphragmatic movement. The total diaphrag- 
matic excursion is the sum of the resulting estimates of complemental and reserve diaphragmatic 
movement. To estimate the repeatability of measurement of diaphragmatic movement relative 
to the thoracic cage an analysis of variance of duplicate measurements of total diaphragmatic 
excursion in ten normal subjects (Table 2) was made, The standard error of a single observation is 
0-45 cm. 

For convenience, changes in the chest circumference are referred to as chest movement, 
although they are only one component of the change in shape of the thoracic cage on respiration. 
The tidal, complemental and reserve chest movement (Fig. 2), are measured from the resting 
level and are expressed in centimetres of change of chest circumference by reference to the 
calibration charts appropriate for the current and the initial resting circumference of the chest. 
The sum of the complemental and reserve chest movement is the total chest excursion, the 
‘chest expansion’. Duplicate records of the changes of chest circumference during deep respira- 
tion were made in ten subjects. The measurements were submitted to an analysis of variance 
(Table 2) and the standard error of a single observation of total chest movement is 0-57 cm. 

Records of total chest excursion made with the apparatus are found to agree closely with 
measurements of ‘chest expansion’ made in the more usual way with the spring-loaded tape 
measure (Tables 3 and 5). 

The present method of measuring movements of the diaphragm relative to the thoracic cage is 
only approximate. It has been implied that the movements of the shadows of the domes of the 
diaphragm are closely related to movements of the whole diaphragm. This cannot be fully justified 
but lateral chest radiographs taken at different levels of respiration show that the antero-posterior 
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contour of the diaphragm does not change greatly even in deep respiration. It is also an approxi- 
mation to assume that vertical movements of the diaphragmatic attachments to the thoracic cage 
can be accurately measured by recording vertical movement of the front of the chest. Most of 
the vertical movement is caused by extension and flexion of the vertebral column, and anterior 
parts of the chest move more than posterior parts. As the domes of the diaphragm lie anteriorly 
and as it is their movement which is being recorded it is reasonable to assume that the domes are 
lifted or lowered with vertical movement of the chest to about the same extent as the sternum. 


TaBLE 2. Analysis of variance of duplicate measurements of total diaphragmatic excursion and 
of total chest excursion made in ten normal subjects in the erect and supine postures 
Total diaphragmatic excursion (left leaf of diaphragm) 

Sumof  Degreeof Mean 
freedom 


squares squares 
Between postures 1-806 l 1-81 
Between mean 113-400 i) 12-60 
Interaction 23-444 9 2-60 
Error 4-125 20 0-21 
Total variance 142-775 
Standard error of a single observation =0-45 cm 
Total chest excursion 

Between postures 2-05 1 2-05 
Between mean 98-74 9 10-97 
Interaction 9-72 9 1-08 
Error 6-51 20 0-33 
Total variance 117-02 


Standard error of a single observation =0-57 cm. — 


The movements of the thoracic cage during respiration are extremely complex (Keith, 1909) 
but in this work it has been assumed that the changes which occur in one circumference of the 
chest are indicative of the expansion and contraction of the whole of the thoracic cage; this 
assumption is only an approximation but its acceptance has allowed a practical approach to be 
made to the study of the part played by thoracic cage movements in pulmonary ventilation. 


RESULTS 
Chest and diaphragmatic movements in quiet and deep respiration 

Ten normal male subjects were examined; their ages and anthropometric 
measurements are given in Table 3. Each subject was examined in the erect 
posture and then in the supine, and in each posture duplicate records of 
respiration, of movement of the right and left leaves of the diaphragm, of 
vertical movements of the thoracic cage and of changes of chest circumference 
were made first while breathing quietly, and then during a deep inspiration 
followed by a full expiration. Fig. 2 shows parts of a typical record made in 
both postures in one subject. 

In this group of subjects the mean height of the iliac crest from the feet is 
110-7 om (standard deviation 6-1). The mean distance of the right leaf of the 
diaphragm above the iliac crest when erect, is 19-9 cm (s.D. 1-0) and when 
supine it is 23-7 cm (s.D. 1-4). The respective measurements for the left leaf 
of the diaphragm being 19-3 cm (s.p. 1-2) when erect and 22-2 cm (8.D. 1-4) 
when supine. Although there is a marked change in the resting level of the 
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diaphragm with change of posture there is little change in the resting chest 

circumference. In the erect posture the mean is 90-5 cm (8.D. 8-0) and supine 

it is 91-6 cm (s.D. 8-0). 

TaBiE 3. Anthropometric measurements of ten normal subjects in which the relationship of 
chest and diaphragmatic movements to respiration was investigated 


to the 


Age Weight circumference of 4 observations) 
Name (years) (kg) (cm) (cm) erect 

Hy. 36 68 171 102 6-3 
Mo. 34 77 168 100 4°5 
La. 32 65 174 82-5 120 
McK. 31 74 185 89 76 
Re. 30 74 178 87 5-1 
Th. 35 68 170 83 5-7 
Co. 35 74 184 91-5 8-3 
Ri. 27 82 172 91-5 70 
Jo. 35 90 183 100 6-4 
Mor. 24 57 160 79 5-1 
Range 24-36 

Mean 73 175 90-5 6-80 

8.D. 9-2 8-0 8-0 2-2 


Measurements made during quiet respiration 

These are recorded in Table 4. The mean tidal volume erect is 799 ml. 
(s.D. 210) and supine it is 758 ml. (s.p. 161). The tidal movement of the right 
and left leaves of the diaphragm is almost identical in each subject and 
changes little with the change of posture. The mean right diaphragmatic tidal 
movement is 1-63 cm (s.D. 0-18) erect and 1-70 cm (s.p. 0-26) supine, and for 
the left leaf the respective figures are 1-65 cm (s.p. 0-27) erect and 1-78 cm 
(s.D. 0°25) supine. No vertical movement of the thoracic cage is recorded in 
any subject during quiet respiration. There is a decrease in the tidal movement 
of chest circumference with the change from the erect to the supine posture. 
The mean tidal chest movement erect is 1-2 cm (s.p. 0-4) and supine 0-7 cm 
(s.D. 0-2). 
Measurements made during deep respiration. 


These are recorded in Table 5. In deep respiration vertical movements of 
the thoracic cage occur. Their extent is very variable from individual to in- 
dividual and is most marked at the end of deep inspiration and is always 
greater when subjects are erect than when supine. Despite the great differences 
in the vertical movement of the thoracic cage in the erect and supine postures 
the measurements of the total excursion of the diaphragm relative to the 
thoracic cage in these two postures are very similar. The mean total dia- 
phragmatic excursion of the left leaf of the diaphragm is 10-28 cm (s.p. 2-23) 
erect, and 9-88 cm (s.D. 1-57) supine. 


spring-loaded tape 
4 measure and con- 
Chest verted to om (mean 
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The change in the resting level of the diaphragm with change of posture 
leads, however, to considerable changes in the pattern of diaphragmatic 
movement. When erect the mean complemental movement of the left dia- 
phragm is 6-35 cm (s.D. 0-97) and the mean reserve diaphragmatic movement 
_is 3-93 cm (8.D. 1-62). When supine the mean complemental movement is 
7-95 cm (8.D. 1-32) and the mean reserve diaphragmatic movement is 1-93 cm 
(s.D. 0-70). Measurements of movements of the right leaf of the diaphragm 
are similar throughout to movements of the left leaf—but are slightly smaller. 


TaBLe 4. Measurements of diaphragmatic movement, changes of chest circumference and 
ventilation in ten normal subjects during quiet respiration in the erect and supine postures 


Tidal dia tic movement Tidal chest 
(cm) (mean of 2 measurements) Tidal volume movement (cm) 
—,  (ml.) (mean of (mean of 
Subject Right leaf Left leaf |§ 4 measurements) 4 measurements) 
ERECT 
Hy. 1-50 1-75 1250 146 
Mo. 1-75 1-50 800 1-4 
La. 1-50 1-50 575 0-8 
McK. 2-00 1-75 700 1-1 
Re. 1-50 1-50 980 1-5 
Th. 1-50 1-50 650 1-1 
Co. 1-75 1-75 950 10 
Ri. 1-50 1-75 580 0-6 
Jo. 1-50 1-25 700 0-7 
Mor. 1-75 2-25 — 800 2-0 
SUPINE 
Hy. 2-00 150 — 1150 0-6 
Mo. 1-75 2-25 780 0-5 
La. 2-00 2-00 .. 600 0-4 
McK. 1-50 1-75 600 0-4 
Re. 2-00 1:75 750 0:8 
Th. 1-50 1-50 600 0-9 
Co. 1-50 1-50 780 10 
Ri. 1-25 1-75 750 10 
Jo. 1-75 1-75 810 0-5 
Mor. 1-75 2-00 760 0-8 


A similar change in the pattern of respiration as judged by spirometry is 
observed in all subjects. The mean vital capacity is 4-86 |. (s.p. 0-84) erect and 
4-80 1. (s.p. 0-77) supine, but in the erect posture the mean inspiratory 
capacity is 3-171. (s.p. 0-45) and the mean expiratory reserve volume is 
1-68 1. (s.p. 0-52) and in the supine posture these are respectively 3-87 1. 
(s.D. 0°54) and 0-93 1. (s.p. 0-32). 

No such change in the pattern of chest movement is found. The mean total 
chest excursion is 7-4 cm (s.D. 1-8) erect and 7-7 cm (8.D. 1-7) supine, the mean 
complemental chest movement is 5-9 cm (s.D. 1-5) erect and 6-0 cm (s.D. 1-6) 
supine and the mean reserve chest movement is 1-5 cm (s.D. 0-6) erect and 
1-8 em (s.D. 0-5) supine. 

The duplicate measurements of diaphragmatic movement, of respiratory 
ventilation and of changes of chest circumference made in the two postures 
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were submitted to analysis of variance. Variance due to change of posture 
constitutes 80 and 87%, respectively, of the total variance observed of 
complemental and reserve diaphragmatic movement but only constitutes 
13% of the variance of measurements of total diaphragmatic excursion. 
Similarly the variance due to posture constitutes 81 and 87%, respectively, 
of the total variance observed of inspiratory capacity and expiratory reserve 
volume measurements but only a small proportion of the variance of vital 
capacity measurements. In contrast, in measurements of change of chest 
circumference the variance due to posture is only 7 and 12%, respectively, 
of the total variance found in measurements of complemental and reserve 
chest movements. 


The relationship between diaphragmatic and chest movements and the 
volume of air ventilated 

The relationships between the movement of the diaphragm and the changes 
_ of chest circumference and the volume of air ventilated are extremely variable 
from subject to subject and the regression coefficients obtained are not 
statistically significant. This is to be expected in view of the arbitrary nature 
of the measurements used as representative of the diaphragmatic movement 
and chest movement. A movement of the shadow of the diaphragm of 
a centimetre or a change of chest circumference of a centimetre would not be 
expected to be associated with the same amount of ventilation in two indi- 
viduals of different build. 

It is possible however to consider the mean values of movement of both 
leaves of the diaphragm, chest movement and respiratory ventilation in the 
group, and the following equations can be — for each posture and 
can be solved simultaneously. 


_ Equation 1 (erect) 
5-6 cm complemental diaphragmatic movement + 5-9 cm complemental chest 
movement = 3-17 |. ventilated. 
Equation 2 (supine) 
7-7 cm complemental diaphragmatic movement + 6-0 cm complemental chest 
movement = 3°87 |. ventilated. 


This gives the result: 
1 cm of complemental diaphragmatic movement =0-33 |. ventilated. 
1 cm of complemental chest movement = 0-22 |. ventilated. 


Similar equations can be postulated for the expiratory reserve volume and 
when solved give the result: 


1 cm of reserve diaphragmatic movement = 0-37 1. 
1 cm of reserve chest movement =0°17 1. 
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These figures suggest that in a full vital capacity about one-quarter of the 
ventilation is due to chest expansion and three-quarters to diaphragmatic 
movement. 

These estimates must be treated with extreme reserve for a number of 
assumptions have been made. It has been assumed that respiratory ventilation 
can be expressed solely in terms of diaphragmatic movement and chest 
movement, as measured by the methods described, and that its relationship 
to these movements is linear, and, further, other factors which must affect 
the respiratory volumes such as changes in the volume of blood in the thorax 
have been neglected. 


The co-ordination of chest and diaphragm movements 

There is no evidence in any of the records reported above that in any part 
of deep inspiration or expiration, the movements of the diaphragm and the 
changes of chest circumference are dissociated. But it is found that lifting of 
the thoracic cage tends to occur mainly at the end of full inspiration. This 
movement, variable from individual to individual, appears to be produced 
mainly by movements of extension of the vertebral column, but its presence 
or absence makes little difference to the extent of diaphragmatic movement, 
or to the ventilation. | 

Three subjects were examined by the method ingeniously devised by Herx- 
heimer (1949). While records of respiration and of chest and diaphragmatic 
movements were being made, each subject was asked to start a deep inspira- 
tion, to pause for 3 sec when the inspiration was half completed and then to 
finish the inspiration; they were then asked to breathe out pausing at the 
same level of respiration again. The interruptions of respiration were recorded 
on the spirogram and were accompanied by interruptions of the records of 
chest and diaphragmatic movement (Fig. 8), so that it was possible to find 
from the records whether a volume of air inspired was accompanied by the 
same amount of movement of the chest and diaphragm when it was expired. 
None of the records give support to the suggestion that the beginning of 
expiration after a deep inspiration is accompanied by much movement of the 
diaphragm and by little change of chest circumference. Vertical lifting of the 
thoracic cage occurs mainly near the end of deep inspiration, but the chest is 
lowered steadily throughout the expiration of the complemental air till it is 
again at its resting level and in some subjects it is further lowered during the 
expiration of the expiratory reserve volume. 


Voluntary control of the chest and diaphragmatic movements 
It is claimed by physiotherapists (MacMahon, 1934; Asthma Research 


Council, 1937) that it is possible to control the chest and the diaphragm 
separately by voluntary effort during respiration. 
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Four subjects, one a trained physiotherapist, one a teacher of singing and 
two patients who had training in breathing exercises, all claiming to be able 
to take breaths that were predominantly ‘thoracic’ or ‘diaphragmatic’, were 
examined in the erect posture. Each subject was asked to breathe quietly 
and then to inspire and expire as fully as possible, attempting on the first 
occasion to use the chest predominantly and on the second the diaphragm 
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Fig. 8. Tracing of records of respiration, diaphragmatic movement, vertical chest movement 
and changes of chest circumference showing the effect of pausing during the inspiration 
and expiration of the inspiratory capacity. The record of vertical chest movement is displaced 
8 mm to the left. 

predominantly, while records of respiration, movements of the diaphragm, 

vertical movements of the thoracic cage and changes of chest expansion were 

recorded. Tracings of part of the record from one of the subjects and the 
measurements made from the original record are given in Fig. 9. These experi- 
ments show that the main difference between these two breaths, each with 
approximately the same ventilation, is the difference in the vertical movement 
of the thoracic cage; the diaphragmatic movement, measured relative to the 
thoracic cage, is substantially the same in the ‘costal’ and the ‘diaphragmatic’ 
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breaths. But in the ‘diaphragmatic breathing’ the thoracic cage is not lifted 
during inspiration and the anterior abdominal wall is protruded, and in the 
‘costal breathing’ the thoracic cage is lifted very greatly during inspiration 
and the abdominal wall is retracted and becomes scaphoid at the end of deep 
inspiration. The subjects all believed that movements of the diaphragm were 
indicated by the movements of the anterior abdominal wall; when the anterior 


Diaphragmatic *Costal 
respiration respiration Right diaph 
Descent 


Fig. 9. Tracing of records made when a subject took a deep breath attempting to use the chest 
predominantly and then attempting to use the diaphragm predominantly. Standing. 
‘Diaphragmatic *Costal 
respiration’ respiration’ 


Ventilation (1.) 4:3 4-2 

Total diaphragmatic excursion (cm) 10-5 12-5 

Total chest movement (cm) 6-2 71 
(change of circumference) 


abdominal wall was protruded at the end of inspiration they assumed the 
diaphragm had descended greatly, and when it was retracted at the end of 
a full inspiration they assumed it had not descended at all. 

There is no evidence that the diaphragm is under any direct voluntary 
control; the extent of its movement seems to be determined entirely by the 
depth of breath thet is taken and it is under voluntary control only in the 
sense that respiration is under partial voluntary control. 
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The vertical movements of the thoracic cage are caused by flexion and 
extension of the vertebral column; these movements can be completely 
controlled by voluntary effort. 

Although subjects have no direct control over the diaphragm during respira- 
tion, they have some direct control over movements of expansion and 
contraction of the chest for they are sometimes able to inhibit these move- 
ments when they attempt to use the diaphragm alone. The physiotherapist 
believed that she had more separate control over the diaphragm and the chest 

‘Diaphragmatic respiration’ Costal respiration’ 
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| 
Change of chest 
< circumference 


Fig. 10. Tracing of records made during deep ‘costal’ and ‘diaphragmatic’ breaths in the supine 
posture. 


Ventilation (1.) 2-80 3-08 

Total diaphragmatic excursion (cm) 8-50 8-25 

Total chest movement (cm) 2-8 5-6 
(change of circumference) 


when she was supine than when she was standing. Fig. 10 is a tracing of part 
of the records made from this subject when supine, and it shows that although 
the extent of diaphragmatic movement was almost identical in the costal and 
the diaphragmatic breaths, the complemental chest movement was considerably 
reduced when she attempted to use the diaphragm alone. 

After examining the records this subject suggested that she might find it 
possible to be able to move the chest or the diaphragm alone if she only took 
small breaths. Fig. 11 is a tracing of part of the records of one of her most 
successful attempts. Over a very limited range of ventilation she had con- 
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siderable control over movements of expansion and contraction of the chest, 
but diaphragmatic movement was only slightly smaller when she used her 
‘chest alone’ than when she used the ‘diaphragm alone’, even though she was 
making very great efforts not to use the diaphragm. 


Fig. 11. Tracings of records made when a subject tried to breathe using the ‘diaphragm alone’ 
and then the ‘chest alone’. 


Ventilation (1.) 1-70 1-58 

Diaphragmatic movement (cm) 4-0 5-0 

Change of chest circumference (cm) 3-9 1-1 
Forced respiration 


Fig. 12 is a tracing of part of some records of diaphragmatic movement, 
vertical movement of the thoracic cage and chest expansion made while 
untrained normal subjects were hyperventilating. Unfortunately it was not 
possible to make simultaneous records of respiration as the resistance of the 
closed circuit and the characteristics of the spirometer, although otherwise 
satisfactory, were unsuited for recording rapid respiration. The records show 
that in these subjects the diaphragmatic movement and the chest expansion 
movements that occur in forced respiration occur in the range of movements 
associated with the complemental diaphragmatic movement and the comple- 
mental chest movement. They also show that during a respiration there 
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is very marked and rapid vertical movement of the thoracic cage vhich is in 
the opposite direction to the movements of the diaphragm and which seems 
to aid the rapid movements of the diaphragm which are needed in this 
artificial form of forced respiration. The most interesting finding is that in all 
subjects the chest circumference is increased at the beginning of this forced 
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respiration but in many subjects the movements of the chest about this 
increased circumference are small. This increased circumference of the chest 
is only maintained as long as subjects make an effort to continue the forced 
breathing, and it is possible that the increase in circumference increases the 
ventilatory efficiency by increasing the effective area of the diaphragm. 
Verzar (1946) has previously shown that the chest circumference is increased | 
during exercise. 
DISCUSSION 

Many workers, Dally (1908), Keith (1909) and Wade & Gilson (1951), have 
reported that the diaphragmatic movement in quiet respiration is about 
1-2 cm and this is here confirmed. Herxheimer’s (1949) assumption that the 
diaphragm moves more in the erect posture than in the supine during quiet 
respiration has not been confirmed. 

Most previous investigators have found the full excursion of the diaphragm 
in deep breathing to be about 5-7 cm. Keith (1907) and Dally (1908) found 
smaller movements. The larger movements recorded in this investigation are 
due to the regard given to vertical movements of the thoracic cage. These 
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movements are variable from subject to subject and are more marked in the 
erect posture than in the supine. It is to variations in these movements that 
the main difference between so-called ‘costal’ and ‘diaphragmatic’ respiration 
is due, and movements of the anterior abdominal wall have been shown to be 
no indication of the extent of diaphragmatic movement in respiration. In 
a full vital capacity it has been shown that movement of the diaphragm plays 
a larger part in ventilating the lungs than does change of circumference of the 
chest. The diaphragm is directly affected by postural redistribution of visceral 
weight and the consequent changes in the pattern of its movement clearly 
reflect the well-known changes in lung volume similarly induced. 

No evidence has been found that subjects have any direct control over the 
diaphragm except in as much as they have some control over respiration. 
This conflicts with opinions that are widely held by many physicians and 
physiotherapists. It supports the eoncept (Jones, 1926) that there can only 
be cortical voluntary control over movements of which man has conscious 
knowledge, and that no such control can be exerted over individual muscles or 
over structures such as the diaphragm which are inaccessible to direct observa- 
tion and of which there is no postural sensibility that reaches consciousness. 

The thoracic cage is a large and massive structure and the redistribution of 
visceral weight that occurs with change of posture makes little difference 
either to its circumference or to the pattern of its movement. The smallness 
of the movements of chest expansion during rapid forced respiration may be 
related to the mass and inertia of the thoracic cage. Movements of chest 
expansion differ from diaphragmatic movements in that they can to some 
extent be inhibited voluntarily, at any rate in trained subjects. 


SUMMARY 


1, A method of recording and measuring movements of the diaphragm 
relative to the thoracic cage, is reported and a mercury-in-rubber strain 
gauge for recording and measuring changes in chest circumference is described. 
The accuracy and repeatability of the measurements have been investigated. 

2. The relationship between diaphragmatic movements, chest movements 
and ventilation has been investigated in ten normal subjects. 

3. In quiet respiration the tidal diaphragmatic movement is about 1-5 cm. 
The tidal change in chest circumference is about 1-2 cm when the subjects 
are erect, and 0-7 cm when supine. In deep respiration the total diaphragmatic 
excursion is between 7 and 13 cm and the change in chest circumference is 
between 5 and 11 cm. The measurements suggest that in a full vital capacity 
about one-quarter of the ventilation is due to chest expansion and three- 
quarters to diaphragmatic movement. 

4. The change from the erect to the supine posture causes a marked change 
in the pattern of movement of the diaphragm about its resting level. This 
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change parallels the change in the pattern of the inspiratory capacity and the 
expiratory reserve volume that accompanies the change in posture. No such 
change in the pattern of movements of chest expansion is found. 

5. There is close co-ordination between movements of the diaphragm and 
movements of chest expansion. An exception to this is found during voluntary 
hyperventilation. 

6. Vertical movements of the thoracic cage occur in some subjects mainly 
at the end of deep inspiration and are usually most marked when they are 
standing. The movements are caused by flexion and extension of the vertebral 
column. They seem to play little part in ventilating the lungs. They are 
especially marked during voluntary hyperventilation and here they may aid 
the rapid and large movements of the diaphragm that occur. 

7. No evidence has been found that subjects have any direct voluntary 
control over the diaphragm. Movements of the anterior abdominal wall do 
not indicate the extent of diaphragmatic movements. There is evidence that 
some subjects are able to inhibit changes of chest circumference during 
respiration, 

I wish to acknowledge the advice and helpful criticism I received at every stage of this work 
. from my colleagues at the Pneumoconiosis Research Unit, and in particular from the Director, 


Dr C. M. Fletcher. I am deeply indebted to Mr A. D. Thomas who designed the amplifying 
circuit and to Messrs Dunlop Special Products Ltd., who supplied the fine-bore rubber tubing. 


APPENDIX 
The bridge circuit and amplifying circuit of the mercury-in-rubber transducer 
1. The bridge cirewit 

(a) The circuit consists of a basic Wheatstone bridge (Fig. 3) where A and A’ are two mercury- 
in-rubber transducers and R and R’ are two equal variable resistances mechanically coupled. 
When the bridge is balanced, any slight change in the value of A, A’ or of both, upsets this balance 
and gives rise to an out of balance voltage across the junctions 6 and d of the bridge. 

(6) By making the mercury-in-rubber transducer in two halves, A and A’, and connecting 
them as the opposite arms ab and cd of the bridge, the sensitivity of the instrument is twice that 
which it would be if both transducers were incorporated as one arm of the bridge only. 

(c) By mechanically linking the two equal variable resistances R and R’ it is possible to bring 
the bridge to a balance at the initial length of the mercury-in-rubber transducers. In practice 
this means that the bridge can be balanced whatever the resting level of chest circumference of 
an individual. 

(d) For any given value of A, A’, R and R’ the sensitivity of the instrument is varied by altering 
the flow of current across the bridge; this is done by means of a small variable resistance in 
series with the battery, the current being indicated by a milliameter in the battery circuit. 


2. The amplifying circuit 

(a) Since the output signal from the bridge is small a considerable degree of direct coupled 
(d.c.) amplification is necessary to drive the recording pen, which like most commercial fast- 
recording instruments needs about 5 W. Conventional d.c. amplifiers are rather unstable and to 
eliminate this error as much as possible, a two-stage amplifier with valves in push-pull is used. 
Any change of the high tension voltage is thus compensated for as it affects both valves simul- 
taneously and there is no need for elaborate regulations of the power supply. sp 
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(6) The recording instrument, a Hughes pen recorder, has a centre tapped coil. This is con- 
nected to the anode circuits of both the output valves and it is then possible to make use of the 
full-scale deflexion of the instrument either side of its zero. 

(c) The recording instrument can be switched out of the circuit, compensating resistors being 
automatically switched in so that the amplifying characteristics of the circuit remain unchanged. 
This arrangement prevents the delicate galvanometer being damaged when the instrument is 
being adjusted on subjects. 

(d) The sensitivity of the recording instrument at any frequency between zero and 60 c/s is 
nowhere more than 6% different from its sensitivity at zero frequency. 
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It has been suggested previously by Reale, Kappert, Skoglund & Sutton (1950) 
and by Whelan & Young (1953) that the stimulating action of adrenaline on 
breathing in man is independent of the accompanying increase in general 
metabolic rate, for equivalent doses of noradrenaline giving comparable 
stimulation of respiration scarcely altered the overall oxygen consumption. 
The present investigation was undertaken to determine whether metabolic 
changes, too small to be detected by oxygen consumption studies, but large 
enough to increase the hydrogen-ion concentration of the blood, could be 
responsible for this stimulation of respiration by adrenaline. 


METHODS 


‘Nine male volunteers were studied. Each was rested for at least 30 min before the experiment 
began. An intravenous saline-ascorbic acid infusion was set up in one arm (0-9% NaCl with 
0-001% ascorbic acid maintained at a rate of 4 ml./min by a mechanically driven syringe). 
A Cournand indwelling needle was inserted into the brachial artery of the other arm for collection 
of arterial samples. Respiratory tracings were obtained with a float recorder connected to two 
stethographs, one round the chest and the other round the abdomen; this combined movement of 
the chest and abdomen bears a linear relationship to the tidal volume (Dornhorst & Leathart, 
1952). 

When the respiratory tracing had been steady for 10 min the saline infusion was changed to an 
infusion of L-adrenaline tartrate B.D.H., made up in the saline ascorbic acid mixture, at the rate 
of 20 ug/min for 10 min. 20 ml. of arterial blood was taken anaerobically 1 min before the infusion 
of adrenaline began, 3, 6 and 9 min after the beginning of the infusion, and 3 min after the end of 
the infusion. In some experiments smaller samples were taken at more frequent intervals. The 
collection of each 20 ml. of arterial blood took 15 sec and was made into syringes containing 
4 drops of heparin-fluoride (100 mg NH,F in 2-5 ml. Evan’s heparin 1000 i.u./ml.), glass beads 
for subsequent mixing and liquid paraffin; they were immediately capped and stored in ice. The 
following determinations were made on these samples: 

(1) pH was measured on 0-005 ml. samples of whole blood using the capillary glass electrode 
of Claff & Swensen (1944). The measurements were made at room temperature and corrections 
to 37° C made by Rosenthal’s factor (1948). 
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(2) The total carbon dioxide in whole blood was determined on 1 ml. samples by the method 
of Van Slyke & Neill (1924). 

(3) The carbon dioxide combining capacity of the samples was compared by equilibrating 5 ml. 
aliquote with a gas mixture of 5-6% CO, in oxygen, in tonometers in a water-bath at 37° C. The 
carbon dioxide contents were again determined on 1 ml. whole blood samples by Van Slyke & 
Neill’s method. 

(4) Haematocrit measurements were made in Wintrobe tubes, spun at 2000 rev/min for 30 min. 

(5) The total plasma carbon dioxide and the carbon dioxide combining capacity were deter- 
mined from the whole blood values and the haematocrit readings using the nomograms of Van 
Slyke & Sendroy (1928). 

(6) CO, tensions were obtained from the Henderson—Hasselbalch equation using the values for 
pH and total CO, content of plasma. ; 

(7) Plasma sodium and potassium determinations were made with a Barclay flame photometer 
using lithium as an internal standard. 


RESULTS 


The stethograph records showed that, as previously described by Whelan & 
Young (1953), the adrenaline infusions caused a stimulation of respiration 
characterized by abrupt onset of hyperpnoea, and an increase in tidal volume, 
and an acceleration of respiration was observed in the more sensitive subjects. 
The onset of the stimulation occurred approximately 1 min after the beginning 
of the adrenaline infusion, and was maintained for 4 min, gradually diminishing 
throughout the remainder of the infusion period. Fig. 1 (subjects 1, 4, 8 
and 9) shows that the changes in the acid-base chemistry of the arterial blood 
were related to this pattern of respiratory stimulation; these were similar in 
all the subjects studied. © 

During the first 5 min of the infusion period the pH of the arterial blood was 
elevated by 0-03-0-10 unit, the total carbon dioxide content of the plasma fell 
1-2 m.equiv/l. and the calculated tension of carbon dioxide was smaller than 
the resting values by 3-8 mm Hg. During the second half of the infusion, as 
the respiratory stimulation diminished, the plasma pH, total carbon dioxide 
content and carbon dioxide tension approached the resting value again. 

The carbon dioxide combining capacity did not show such uniformity of 
pattern. In two of the subjects (data for subject 8 in Fig. 1) it was unaltered 
throughout the experimental period. Of the remaining five subjects in which 
it was estimated, there was an elevation of the carbon dioxide combining 
capacity of 0-5-4 m.equiv/l. in four (data for subject 4 in Fig. 1) and a fall 
of 2 m.equiv/l. in one subject (9) during the first 5 min of the infusion. During 
the second half of the infusion period values for carbon dioxide combining 
capacity 1-5 m.equiv/l. below the resting levels were found in these five 
subjects. Three minutes after the end of the infusion the carbon dioxide com- 
bining capacities were returning towards, but were not equal to, the resting 
values. 

Plasma sodium and potassium determinations were made in three subjects 
only (data for subjects 8 and 9 in Fig. 1). In all three the plasma potassium 
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fell 0-3-0-7 m.equiv/l. during the infusion. In subjects 8 and 9 there was a fall 
in plasma sodium during the first half of the infusion, followed by a return 
towards the resting value at the end of the infusion and a further fall 3 min 


Adrenaline, 20 


‘S10 1S in 

Subject 8. Resting respiratory rate 18/min and 
decreased to 8/min at height of maximum 
respiratory stimulation. 
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Arterial 748 
‘blood, pH 7.44 
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s. 28 Combining 
37 - 
= 144 Plasma 
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Subject 4. Resting respiratory rate 13/min Subject 9. Resting respiratory rate 17/min and 
and increased to 2l/min at height of increased to 20/min at height of maximum 
respiratory stimulation. respiratory stimulation. 

Fig. 1. Acid-base changes in arterial blood during the infusion of L-adrenaline, 20 ug/min for 

10 min. The respiratory tracings are recorded in these diagrams every 10 sec and any altera- 
tion in rate is indicated under each subject. 


after the end of the infusion. The pattern was similar in subject 6 (not shown) 
with the exception of the rise in plasma sodium during the first half of the 
infusion. These sodium changes lie on the limit of the experimental error of 
the technique. | 
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DISCUSSION 

It is clearly shown that the stimulating action of adrenaline on respiration is 
not initiated by the release of acid metabolites into the blood stream; no fall 
in pH of the arterial blood was observed even when samples were taken at 
20 sec intervals during the initial period of the infusion (subjects 1 and 9). 
The hyperpnoea itself is probably responsible for the rise in pH, the fall in the 
total CO, content and the fall in CO, tension of the arterial blood during the 
first half of the infusion; moreover, these secondary changes correspond with 
the fall in alveolar CO, tension observed by Lyman, Nicholls & McCann (1923) 
and Whelan & Young (1953) during respiratory stimulation by adrenaline. 
The stimulation of respiration by adrenaline would therefore appear to be due 
to a direct action of the drug itself on the sensory-motor system controlling 
respiration. Alternatively, it is possible that the adrenaline may, in fact, be 
acting by producing acid metabolites and that they are acting locally, before 
demonstrable quantities are released into the blood stream. However, whether 
the sensory-motor respiratory system is stimulated directly by adrenaline, or 
by acid metabolites released by this drug, it adapts to the stimulating agent 
within 5 min. 

The rise in carbon dioxide combining capacity during the first half of the 
infusion, in four subjects, remains unexplained. Two possible causes were 
suggested: the first, was that this rise formed part of a general biphasic 
alteration in plasma electrolytes in response to the adrenaline infusions. 
D’Silva (1934) and Brewer, Larsen & Schroeder (1939) have shown, in cats 
and dogs, that adrenaline infusions cause an immediate rise in plasma 
potassium, which is then followed by a fall. A fall in plasma potassium was 
always observed throughout our experiments. The second possibility was that 
the hyperventilation caused haemoconcentration by excessive loss of water 
from the lungs. Repeated haematocrit readings were not made in subject 
4, but haemoconcentration did not account for the rise in carbon dioxide 
combining capacity found in another subject showing a rise in carbon dioxide 
combining capacity. 

The fall in carbon dioxide combining capacity seen during the second half 
of the adrenaline infusions is more readily explained. It may be related to 
three mechanisms: first, the release of acid metabolites into the blood stream; 
Bearn, Billing & Sherlock (1951) have shown that the blood lactate is signifi- 
cantly increased after 10 min of a comparable adrenaline infusion. Secondly, 
the fall in carbon dioxide combining capacity may be secondary to the hyper- 
ventilation for Anrep & Cannon (1923), Nims, Gibbs & Lennox (1942), and 
Stanbury & Thompson (1952) have observed a decrease in plasma bicarbonate 
during over-ventilation both in man and experimental animals and have 
suggested that the tissues supply organic acid to offset the alkalaemia before 


. 
z 
« 
. 
ig 
‘ 
. 


ADRENALINE HYPERPNOEA 217 


the renal mechanisms come into play. Lastly, the fall in carbon dioxide com- 
bining capacity may be part of an overall fall in plasma electrolytes which 
occurs during this period of the infusion; a fall in both the plasma sodium and 
potassium was observed. These changes in plasma potassium are in accord with 
the previous findings in man and in animals where continuous infusions or 
intramuscular injections of adrenaline were given (Castleden, 1937; Keys, 
1938; Brewer e al. 1939). Stanbury & Thompson (1952) found a similar 
depression in the plasma potassium during voluntary hyperventilation in man. 


SUMMARY 

1. The stimulation of respiration by adrenaline, given intravenously at the 
rate of 20 ug/min in the human subject, was not initiated by a fallin plasma pH. 

2. The adrenaline infusions were accompanied by a rise in plasma pH of 
0-03-0-10 unit and a fall in plama CO, tension of 3-8 mm Hg. These changes 
are considered to be secondary to the hyperpnoea. 

3. The plasma carbon dioxide combining power did not fall until the second 
5 min of the infusion period. At this time the maximum hyperventilation 
was over and the plasma pH and CO, tension were returning to their resting 
values. 

4. It is suggested that the stimulating action of adrenaline on respiration 
is not due to an altered composition of the blood accompanying any metabolic 
change, but is largely due to a direct action on the sensory-motor system 
controlling respiration. 


We wish to thank Prof. H. Barcroft for suggesting the problem and for much encouragement. 
We are also indebted to Dr A. C. Dornhorst for advice, to the students and colleagues who acted 
as subjects and to Mr G. T. Hales for technical assistance. Part of the expenses were defrayed 
from an M.R.C. grant to Prof. Barcroft. P. Gaskell was holder of a Life Insurance Medical 
Research Fellowship. 
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THE ROLE OF HISTAMINE RELEASE FOR THE MOTOR 
EFFECTS OF HISTAMINE LIBERATORS ON THE 
GUINEA-PIG’S ILEUM PREPARATION 


By W. FELDBERG anp A. N. SMITH* 
From the National Institute for Medical Research, Mill Hill, London, N.W.7 


(Received 14 September 1953) 


Histamine is a normal constituent of the various layers of the intestinal wall, 
but little is known about its physiological function in this organ. Since 
histamine produces strong motor effects on the muscle layers of the digestive 
tract in many species, the possibility has often been discussed that it may play 
some role in the motor activity of intestinal preparations. It seemed feasible 
that histamine releasing agents would provide a tool by means of which this 
possible role of histamine for motor activity of the intestinal wall could be 
re-examined, Were the release of histamine a physiological mechanism for 
motor activity in the intestinal wall of some species, histamine releasing agents 
might be expected to accentuate the release and activity. 

In the present experiments we have therefore examined whether compound 
48/80 exerts motor effects on the isolated guinea-pig’s ileum preparation 
suspended in Tyrode solution and whether histamine can be detected in this 
solution when the preparation is subjected to treatment with compound 48/80. 
A few experiments were also performed with propamidine, D-tubocurarine 
and tryptamine, all of which are known to be histamine liberators. 

A perusal of the literature on the pharmacology of histamine-releasing 
substances shows that at least some of them may cause contraction, initiate 
rhythmic activity and augment the histamine response of the intestinal 
preparation, but no attempt has so far been made to correlate these effects 
with the histamine-releasing property of these substances. Mongar & Schild 
(1953) describe strong contractions with compound 48/80 (1 in 10,000), whereas 
Dews, Wnuck, Fanelli, Light, Tornaben, Norton, Ellis & de Beer (1953), using 
smaller concentrations, umeally saw only a slight increase in spontaneous 
activity of the guinea-pig’s ileum preparation. Spontaneous rhythmic activity 
of this preparation has, further, been seen after large doses of p-tubocurarine 
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(Feldberg, 1951), and Rocha e Silva & Schild (1949) found that p-tubocurarine 
sensitized the preparation to histamine. The ability of tryptamine to contract 
the guinea-pig’s ileum has been known for some time; recently it has been 
shown that tryptamine produces, in addition, strong rhythmic contractions 
which persist after the tryptamine receptors in the intestinal wall have 
been blocked by large doses of tryptamine (Gaddum, 1953; Feldberg & Toh, 
1953). 
METHODS 


The experiments were performed on the guinea-pig’s ileum preparation suspended in a 15 ml. 
bath of magnesium-free Tyrode solution. The contractions were recorded with a frontal writing 
lever which could be held in position with a photographic release cable when the bath was emptied 
and refilled. In some experiments the bath fluid of such a preparation (the donor) was siphoned 
off and tested on another guinea-pig’s ileum preparation (the recipient). During the siphoning 
off the lever was fixed with the photographic release cable to reduce the mechanical effect of 
emptying and refilling the bath. 

In a few experiments the histamine content of the guinea-pig’s ileum preparation was deter- 
mined by grinding the tissue in acidified saline solution, boiling the extract and assaying it for 
histamine, after neutralization, on the atropinized guinea-pig’s ileum preparation. All histamine 
values refer to the base. 

The compound 48/80 which is a condensation of p-methoxyphenylethyl-methylamine with 
formaldehyde was kindly given to us by Dr Paget and Dr Trevan from the Wellcome Research 
Institution. The p-tubocurarine (Burroughs Wellcome) was used as the dichloride, the tryptamine 
(Roche Products) as the hydrochloride, and the propamidine (May & Baker) as the isethionate. 
All values refer to the salts. 

RESULTS 


When compound 48/80 is added to the bath in which a guinea-pig’s ileum is 
suspended, it produces direct effects during its contact with the preparation 
and subsequent changes in reactivity and motor activity which pertint for 
some time after the compound 48/80 has been washed out. 

The direct effect of compound 48/80 consists of a slow, tonic contraction, 
often with superimposed, small, rhythmic changes. This effect corresponds to 
that described by Mongar & Schild (1953) and is sometimes observed on the 
addition of less than 1 mg of compound 48/80 to the 15 ml. bath. With 2 mg 
the contraction is obtained in all preparations, although not always on the 
first application. The method usually employed was to leave 2 mg of com- 
pound 48/80 in the bath for 60-90 sec and repeat the administration at 
15-60 min intervals. A typical experiment is illustrated in Fig. 1, which 
shows that the full contractile effect is obtained with the second dose, and 
that with later administrations the contraction becomes again smaller; at this 
stage the preparation is also less sensitive to histamine. 

Mepyramine, in a dose which abolishes strong histamine contractions, 
reduces but does not abolish as strong or even weaker contractions produced 


by compound 48/80. The effect of mepyramine on the response to 2 mg of 
compound 48/80 is shown in Fig. 2. 
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After washing out compound 48/80, the preparation is less sensitive to 
histamine for some time. The degree of reduced sensitivity varies from prepara- 
tion to preparation and occurs independently of whether compound 48/80 has 
| itself caused a contraction and whether the preparation shows spontaneous 


Fig. 1, ‘Guinea-pig’s ileum preparation in 15 ml. magnesium-free Tyrode solution, 0-04 ..g 
atropine sulphate throughout. Successive applications at 30 min intervals of 2 mg of 
compound 48/80 kept in the bath for 90 seo. 


a b c 


Fig. 2. Guinea-pig’s ileum preparation in 15 ml. magnesium-free Tyrode solution. Three contrac- 
tions due to 2 mg of compound 48/80 kept in the bath for 90 sec and administered at 40 min 
intervals. The contraction at 6 in the presence of 0-1 ~g mepyramine added to the bath 
2 min previously. The contraction at c after washing out the mepyramine. 


rhythmic activity. A pronounced and long-lasting reduction in sensitivity to 
histamine is illustrated in Fig. 3. In this condition the preparation is also less 
sensitive to acetylcholine. A similar observation was made by Paton (1951). The 
reduced histamine sensitivity was often observed after 50 ug of compound 48/80 
were added to the 15 ml. bath for 1 min. Sometimes the condition of reduced 
sensitivity was preceded by a short period of increased sensitivity to histamine. 

A characteristic after-effect of compound 48/80 is the development of 
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spontaneous activity and increased tone persisting for long periods. Sometimes 

repeated applications of compound 48/80 are required before this effect 

becomes apparent, and it is always more pronounced with repeated applica- 

tions. When this motor activity is not yet apparent, it may be disclosed 

during a histamine response. Usually histamine causes tonic contractions, but 


H H A H H H H 
Fig. 3. Guinea-pig’s ileum preparation in 15 ml. magnesium-free Tyrode solution. 0-04 atropine 
sulphate throughout. At H successive applications of 0-04 pg histamine. 2 mg of com- 
pound 48/80 added at A and kept in the bath for 90 sec. The histamine was given every 
80 sec, but between a, b, c, d, e, f and g two histamine contractions were omitted each time 
from the tracing. 
a 


| 
HH HH 
Fig. 4. Guinea-pig’s ileum preparation in 15 ml. magnesium-free Tyrode solution. 0-04 yg atropine 
sulphate throughout. At H, 0-06 yg histamine kept in the bath for 20 sec. Between a and , 
2 mg of compound 48/80 were given and kept in the bath for 90 sec. 


after compound 48/80 rhythmic contractions are superimposed on the hist- 
amine contraction. In the experiment of Fig. 3, despite the reduced sensitivity 
to histamine which was brought about by compound 48/80, the reduced 
histamine contractions are no longer tonic but rhythmic. The change in the 
character of the histamine response in an experiment in which compound 48/80 
has produced spontaneous activity is illustrated in Fig. 4. 
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The spontaneous activity and increase in tone develops irrespective of 
whether the preparation is atropinized or not, but is usually more pro- 
nounced when no atropine is given. Fig. 5 illustrates the development of 
rhythmic activity and tone in an atropinized preparation after the first (d), 
second (c), third (d), fourth (e) and sixth (f) applications of 2 mg of com- 


Fig. 5. Guinea-pig’s ileum preparation in 15 ml. magnesium-free Tyrode solution, 0-04 ug atropine 
sulphate throughout. a, Before compound 48/80; b-/, development of spontaneous 
activity and tone after successive doses of 2mg compound 48/80. The direct contractile 
effects of compound 48/80 omitted from the tracing. At w the bath fluid was siphoned off 
whilst the lever was fixed. 
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Fig. 6. Guinea-pig’s ileum preparation in 15 ml. magnesium-free Tyrode solution: (a) before, 
(6) about 15 min after the second application of 2 mg of compound 48/80 kept in the bath 
for 90sec. At w, and w,, bath fluid renewed whilst the lever was fixed. At At. 0-1 ug 
atropine sulphate; at Me. 0-05 ug mepyramine kept in the bath till w,. 


pound 48/80, the direct contractile effects of which are omitted from the 
tracings. The tracings were obtained about 15 min after the application of 
compound 48/80 which was washed out each time after 90 sec contact with the 
preparation. At (w) the bath was washed out in order to show the relaxation 
and reduction in activity on replacement with fresh Tyrode solution. Fig. 6 is 
from @ non-atropinized preparation. At (a) there is some slight rhythmic 
activity before compound 48/80; at (b) the activity and tone are shown about 
15 min after the second application of 2mg of compound 48/80. Again, 
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replacement with fresh Tyrode solution (at w,) causes pronounced relaxation, 
but has little effect on rhythmic activity. When the tone has again increased, 
_ atropine (At.) and later mepyramine (Me.) are given; together they produce 
the same relaxation as washing out, which afterwards has no longer any 
effect (w,). 

It is well known that choline diffuses out from an intestinal preparation 
suspended in physiological saline solution, and the small contractile effect 
which we obtained when bath fluid, in which a guinea-pig’s ileum preparation 
was suspended (the donor), was tested on another preparation (the recipient) 
rendered insensitive to histamine, was probably due to choline, because it 
was abolished by atropine. There was, however, no evidence that this choline 
output increased after compound 48/80. This was shown by the following 
procedure. The bath fluid from a donor preparation was collected every half 
hour and tested on a recipient preparation rendered insensitive to histamine 
by mepyramine. The contractile effect of the bath fluid did not increase when 
the collection was made after a period of greatly increased rhythmic and tonic 
activity induced by compound 48/80. However, in order to be certain that 
there was not some slight increase in choline output, it would have been 
necessary to acetylate the samples and subsequently determine their acety]- 
choline content. 

A different result was obtained when the bath fluid from a donor prepara- 
tion was tested on a histamine-sensitive guinea-pig’s preparation rendered 
insensitive to choline and acetylcholine by atropine. The bath fluid collected 
during 20-30 min periods produced either no contraction or one barely visible, 
but when corresponding samples were collected during periods of increased 
activity and tone following the application of compound 48/80, the bath fluid 
caused strong contractions in several experiments, but not in all. The maximal 
effect of this kind was obtained when compound 48/80 (2 mg) had been 
repeatedly applied and had produced strong rhythmic activity and an increase 
in tone in the donor preparation. An experiment in which the contractile 
effect of bath fluid increased particularly strongly after compound 48/80 and 
was assayed against histamine is reproduced in Fig. 7. The figure illustrates 
the appearance and increase of a histamine-like substance in the bath fluid 
after two consecutive injections of compound 48/80. 

The contractile effect of the bath fluid can be fully accounted for by an 
action of histamine, because it is affected by mepyramine to the same extent 
as an equally strong histamine contraction. For instance, in the experiment 
of Fig. 8, the contraction produced by bath fluid (15 ml.) was stronger than 
that of 0-04 and weaker than that of 0-05 ug histamine. It will be seen that the 
contractions of bath fluid and of 0-045 yg histamine were reduced to a mini- 
mum by 0-04 ug mepyramine and showed the same recovery when the 
mepyramine was washed out. 
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Fig. 7. Histamine output from guinea-pig’s ileum preparation after two consecutive administra- 
tions of 2 mg of compound 48/80. Ordinates: output of histamine in myg/min. Abscissae: 
time in hours. The two arrows indicate application of compound 48/80; the gap corresponds 
to the time during which the compound 48/80 was kept in the bath and subsequently washed 
out. The bath fluid was not tested. 


0-05 ug 0-04 ug 0-045 yg 0-045 ug 


Fig. 8. Contractions of atropinized guinea-pig’s ileum to bath fluid B and histamine H 
before (at a), during (at 6) and after (at c) 0-04 »g mepyramine. 
PH. CXXIV. 15 
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The failure to detect histamine or a histamine-like substance regularly in 
the bath fluid collected after a period of increased activity was probably due 
to the fact that the amounts released from a single preparation were so small 
as to become subthreshold as a result of dilution in the bath fluid, because in 
later experiments in which two preparations of the ileum were suspended in 
the same bath, small quantities of histamine could be consistently detected 
in the bath fluid collected during periods of increased tone and rhythmic 
activity elicited by compound 48/80, although the amounts varied from 
experiment to experiment. This is shown in Table 1. 

The injections of compound 48/80 were repeated only after the histamine 
output had fallen again, although not always to the original level; sometimes 
the intervals between two injections were as long as 2-3 hr. The maximal 
histamine output occurred either in the first, second or third 20-30 min 
sample collected after the compound 48/80, kept in the bath for 90 sec, had 
been washed out. 

The histamine found in the bath fluid must have diffused out from the wall 
of the intestine, or at least mainly so, and not from the lumen, because there } 
was little difference in the results obtained when the two ends of the donor 
preparations were tied. This was done in Expts. 9 and 10 of Table 1. In these, 
compound 48/80 produced the same increase in rhythm and tone as in those 
preparations in which the lumina were left open. 

There was usually good correlation between the degree of tone which 
developed after compound 48/80 in a 20-30 min period, and the histamine 
content of the bath fluid collected at the end of the period. The correlation 
between increased rhythmicity and histamine content of bath fluid was more 
difficult to assess, because once rhythmic activity had developed, it was 
difficult to measure its intensity; moreover, the rhythmic movements often 
became smaller with a pronounced increase in tone of the preparation. 

The amounts of histamine diffusing out from the intestinal preparation 
represented such a small portion of its histamine content that no evidence was ) 
obtained of a reduction of the tissue histamine in the intestinal wall. For 
instance, the histamine assayed in samples of bath fluid collected after the 
two injections of compound 48/80, in the Expts. of Fig. 7, amounted to 0-84 ug. 
At the end of this experiment, the histamine content of the intestinal piece, 
weighing -335 mg, was determined. It contained 12 wg, or about 35 ug/g. 
A control piece from the same intestine contained 25 ng/g. In another similar Y 
experiment the histamine content was 39 yg/g for a donor preparation treated 
with several injections of compound 48/80, and 40 ug/g for a control piece of 
intestine from the same animal. | 

Propamidine. The addition of 10-20 mg propamidine to the bath produced 
a strong contraction which differed from that produced by compound 48/80, 
in that it was more prolonged and associated with segmental contractions of 
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4th 
48/80 
injected 
(10)* 
4 
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successive administrations of compound 48/80 or propamidine 
Output of Output of 
histami histami 
6-5 
0-4 0-8 
2-0 1-0 
8-6 67-0 
10-0 4-0 
13-0 3 
75 
25-0 3-0 
75 
4-0 4-0 
brackets refer to 
the preparations 


ean 
Ax 
5 
+t Fan 
3 


Taste 1. Maximal histamine output in myg/min from suspended twin preparations of guinea-pig’s ileum following 
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the circular muscle. These contractions of the circular muscle caused some 
lengthening of the preparation, and when the propamidine was washed out, 
the circular muscle relaxed first which produced further shortening of the 
preparation before the first relaxation of the longitudinal muscle occurred 
(see Fig. 9). Subsequent rhythmic activity developed in some but not in all 
preparations. It developed more regularly when the propamidine was given 
in the course of an experiment after previous injections of compound 48/80, 
whilst there was still some rhythmic activity left over. This is shown in the 
experiment of Fig. 9. 


| 


w 
Fig. 9. Gunso alate ileum preparation in 15 ml. magnesium-free Tyrode solution. The spon- 
taneous activity at the beginning of the tracing is the result of three previous administrations 
of 2 mg of compound 48/80 each. At p, 10 mg propamidine isethionate left in the bath for 
90 sec. At w, renewal of bath fluid. 


Assays of bath fluid after propamidine, during development of tone and 
rhythmic activity, revealed an increased histamine output; for instance, in 
one experiment it rose from 0-3 to 1-2, in another from 0-3 to 3 myg/min. The 
histamine output initiated by propamidine when added to the bath after 
previous compound 48/80 administrations is shown in the Expts. 2, 6 and 10 
of Table 1. | 

Tryptamine. Tryptamine produces contraction in the guinea-pig’s ileum, 
followed by increased rhythmicity and tone (Gaddum, 1953; Feldberg & Toh, 
1953) and has been shown to be a histamine liberator (Feldberg & Smith, 
1953). In a few experiments it could be shown that the periods of increased 
rhythmicity were associated with an increased output of histamine into the 
bath fluid; for instance, in one experiment the histamine output after 20 mg 
tryptamine rose from 0-6 to 5 myg/min. 

D-Tubocurarine. Rhythmic contractions of the guinea-pig’s ileum following 
administration of D-tubocurarine have been described previously (Feldberg, 
1951), and Ambache & Barsoum (1939) have obtained histamine release by 
curare from isolated pieces of dog’s intestine incubated in Tyrode solution. 
When given in sufficiently high dosage (1 mg/ml.), p-tubocurarine, like the 
other histamine liberators, has an immediate, strong contractile effect. The 


cx 
| 
i 
a 
3 ‘a 
4 
4 


HISTAMINE LIBERATORS ON GUINEA-PI@S ILEUM 229 


period of increased rhythmic activity which develops after washing out the 
p-tubocurarine is again associated with an increased output of histamine into 
the bath fluid. In one experiment with twin preparations the output rose from 
0-1 to 1-2 mpzg/min. 7 

Mepyramine. Mepyramine was shown by Arunlakshana (1953) to be a strong 
histamine liberator. The fact that it is also a strong antihistamine substance, 
however, usually masks the stimulating effect of any histamine released in 


_ the intestinal wall. In the course of experiments with mepyramine two 


observations, a direct and an indirect, were made which revealed such 


Me 


Fig. 10. Fig. 11. 

Fig. 10. Guinea-pig’s ileum preparation in 15 ml. magnesium-free Tyrode solution. Contractions 
to 0-04 yg histamine kept in the bath for 20 sec, At Me. 0-02 ug mepyramine kept in the 
bath for 20 sec. 

Fig. 11. Guinea-pig’s ileum preparation in 15 ml. magnesium-free Tyrode solution about 3 hr 
after having been suspended. Contractions to 0-08 yg of histamine kept in the bath for 
20 sec at 90 sec intervals. At Me. 0-05 ng mepyramine kept in the bath for 60 sec. 


a stimulating action of mepyramine. (1) It was frequently found that small 
doses of mepyramine, kept in the bath for only 20 sec, did not at once reduce 
subsequent histamine contractions. When the histamine was given within 
a minute or two after the mepyramine had been washed out, the response 
was potentiated (Fig. 10). (2) These small doses of mepyramine, when given 
to preparations suspended for several hours in the bath and rendered sensitive 
to histamine by its repeated administration, sometimes produced a small con- 
traction and a short period of increased rhythmic activity, which preceded 
thke period of decreased sensitivity to histamine. Such an effect is illustrated 
in Fig. 11. Further, in a few preparations which had been given compound 48/80 
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several times and were showing some rhythmic activity, the addition of 0-01 yg 
mepyramine produced a small contraction with superimposed rhythmicity 
(Fig. 12a); when the mepyramine was washed out and sufficient time allowed 


for its antihistamine effect to pass off, a second dose of mepyramine again 
produced a contraction which, however, was smaller than that produced on its 


first application (Fig. 126), 


(a) 


(0) 


Fig. 12. Guinea-pig’s eum preparation im 15 mi. magnesium-iree Tyrode solution 6 hr after 
having been suspended and given 2 mg of compound 48/80 six times. Two contractions with 
superimposed rhythmicity produced by 0-01 ug mepyramine left in the bath for 15 min. 


DISCUSSION 


Our experiments show that histamine-liberating substances produce charac- 
teristic motor effects on the guinea-pig’s ileum preparation which consist of 
immediate contractions followed, after washing out the histamine liberators, 
by prolonged periods of increased motor activity and tone. There is little 
doubt that the development of tone and the appearance of motor activity is 
partly or wholly the result of histamine release in the intestinal wall. During 
the development of spontaneous activity and tone, histamine was shown to 
diffuse out from the intestinal wall into the surrounding bath fluid, and in 
amounts sufficient to produce motor effects on the intestinal preparation. 
The histamine which diffuses into the bath fluid can account fully for the 
development of tone, because when the bath fluid is replaced by fresh Tyrode 
solution, or when mepyramine is added to the bath, the tone is removed and 
the muscle relaxes. However, motor activity is only partly affected by these 
procedures. None the less, it may result from the histamine released, not after 
it has diffused into the bath fluid but when it acts at the site of its release 
within the muscle coat. Replacement of the bath fluid would not remove this 
histamine, and mepyramine added to the bath might be unable to reach this 
‘intrinsic’ histamine acting within the muscle coat at the site of its release. 
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A distinction between the action of ‘intrinsic and extrinsic histamine’ (Dale, 
1948), would account for a number of other details observed, for instance, the 
finding that motor activity always precedes the development of tone and that 
there is a parallelism between intensity of motor activity and the degree of 
tone which develops. The possibility cannot be excluded, however, that other 
factors than release of histamine play a part in this development of motor 
activity. 

The immediate contractile effect produced by compound 48/80, propamidine, 
and large doses of p-tubocurarine may also be an action of such intrinsic 
histamine, and the finding that mepyramine has a much weaker effect on 
these contractions than on those produced by histamine added to the bath 
fluid, would be in accordance with this view. The fact that compound 48/80 
produces its main motor effects on the guinea-pig’s intestine only when 
applied in large doses, seems at first sight contradictory to this interpretation. 
Compound 48/80 is known to be such a potent histamine liberator that one 
would expect it to act in very small doses. However, the high potency applies 
to the effect of compound 48/80 on skin and skeletal muscle histamine; the 
histamine of the viscera is relatively resistant to compound 48/80. It is 
therefore not surprising that compound 48/80 has to be applied in relatively 
large doses to produce motor effects on the intestine with concomitant release 
of histamine. In this connexion it is also interesting to note that the doses of 
compound 48/80 which regularly produce strong contractions of the guinea- 
pig’s ileum were found to have no effect of this kind on the rat’s colon prepara- 
tion; this muscle preparation is insensitive to histamine. 

The concept that the motor effects of histamine liberators are to a great 
extent due to the action of released histamine receives additional support from 
the unexpected motor effects which were occasionally seen with mepyramine 
before its antihistamine action developed, because mepyramine is not only an 
antihistamine substance but a potent histamine liberator as well. 

When considering the motor effects of histamine liberators on the intestine, 
we have to realize that these substances may have motor effects on the 
intestine independent of their histamine releasing property; this appears to be 
so with tryptamine. Its immediate contractile effect, which can be obtained 
repeatedly with relatively small amounts and even when given at short 
intervals, is probably not accounted for by release of histamine but by a direct 
action of tryptamine. Tryptamine also contracts the histamine insensitive 
rat’s colon preparation, and the contractile effect on the guinea-pig’s ileum 
is abolished when the tryptamine receptors are blocked. The spontaneous 
activity it induces, however, persists in this condition and may well be 
accounted for by histamine release. 

The concept that the increased motor activity seen with so many histamine 
liberators results from histamine released within the muscular coat has 
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significance with regard to the mechanism underlying atropine resistant, 
spontaneous activity of intestinal preparations. Release of histamine in the 
intestinal muscular coat may be one mechanism by which intestinal motor 
activity can be produced under physiological and pathological conditions in 
those species in which the muscle coat of the intestine is sensitive to histamine. 
Ambache & Barsoum (1939) have, in fact, obtained some evidence that minute 
amounts of histamine are released from the guinea-pig’s intestine and diffuse 
into the surrounding fluid when the preparation is made to contract by various 
means. On the other hand, the fact that atropine resistant, spontaneous 
activity occurs in intestinal preparations which are insensitive, or relatively 
‘insensitive, to histamine, for instance the intestine of the rabbit and rat, 
shows clearly that release of histamine cannot be the only factor involved in 
the atropine resistant, spontaneous activity of the muscle coat of the intestinal 
wall, 
| SUMMARY 

1, The effect of compound 48/80 on the guinea-pig’s ileum preparation 
suspended in 15 ml. magnesium-free Tyrode solution was examined. When 
added to the bath in a dose of 2 mg, it produced a strong, transient contrac- 
tion, followed by increased motor activity and development of tone after 
washing out. the compound 48/80. In addition, the sensitivity of the prepara- 
tion to histamine and acetylcholine decreased. 

2. The periods of increased motor activity induced by compound 48/80 
were associated with the diffusion of histamine from the intestinal wall into 
the bath fluid. 

3. The motor effects of compound 48/80 can be explained by the release of 
histamine, when a distinction is made between the action of the histamine 
diffusing into the bath fluid (extrinsic histamine) and of the histamine acting 
within the muscular coat at the site of its release (intrinsic histamine). 

4. Other histamine liberators, like propamidine, p-tubocurarine and trypt- 
amine, produce motor effects comparable to those produced by compound 48/80, 
and also associated with the appearance of histamine in the bath fluid; but 
histamine liberators may have motor effects on the intestine independent of 
histamine release. This appears to be so with tryptamine. 

5. Small doses of mepyramine, which is known to be a potent histamine 
liberator, sometimes produce, in the guinea-pig’s ileum preparation, before 
the antihistamine effect develops, a transient period of increased sensitivity 
to histamine and the appearance of small, rhythmic movements. In prepara- 
tions previously treated with compound 48/80, small doses of mepyramine 
may occasionally even cause contraction with superimposed rhythmicity. 
These effects are attributed to histamine release. 

6. The possibility is discussed that in some species histamine plays a role 
in ee: motor activity of the intestine. 
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EFFECT OF MAGNESIUM AND CALCIUM IONS ON THE 
RELEASE OF ACETYLCHOLINE 


By O. F. HUTTER anp KRISTA KOSTIAL* 
From the Department of Physiology, University College, London 


(Received 29 September 1953) 


In studying the mode of action of magnesium ions on intercellular trans- 
mission (for literature see Engbaek, 1952), sympathetic ganglia offer a means 
of testing directly whether changes in the output of acetylcholine from the 
preganglionic nerve endings contribute to the failure of transmission. We 
have, in fact, found that the failure of ganglionic transmission produced by 
magnesium ions is accompanied by a decrease in the amount of acetylcholine 
liberated as a result of preganglionic stimulation. This finding is in agreement 
with the work of del Castillo & Engbaek (1954) who recently showed that neuro- 
muscular block produced by magnesium ions is mainly of prejunctional origin. 

The blocking action of magnesium ions is relieved by calcium ions, and we 
have found that these two cations have opposite effects on the output of 
transmitter from the preganglionic nerve endings. The output of transmitter 
per nerve volley may be more than doubled by — increasing the 
concentration of calcium in Locke’s solution. 


METHODS 


Anaesthesia in cats was induced with ethyl chloride and ether and maintained by intravenous 
injection of chloralose (0-1 g/kg). The superior cervical ganglion was prepared for perfusion by the 
conventional method with the modifications suggested by Perry (1953). The preganglionic cervical 
sympathetic trunk was stimulated through platinum electrodes with square voltage pulses of 
1-0 msec duration. The shocks were 5-10 times the minimum voltage required to give maximum 
contraction of the nictitating membrane when stimulating at a frequency of 10/sec. The contrac- 
tions of the nictitating membrane were recorded with an isotonic frontal writing point lever and 
may be taken as a measure of the degree of ganglionic block. When acetylcholine was to be collected, 


the post-ganglionic trunk was tied and eserine sulphate 1: 100,000 added to Locke’s solution. The 
composition of Locke’s solution was: 


Nat 155-6 mm Cl- 163-6 mM 
Kt 5-6 mm HCO, 18mm 
Cat+ 2-1 mm Glucose 1 g/l. 


* Travelling Fellow of the World Health Organization. Present address: Institut Higijenc 
Rada, Zagreb, 
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Magnesium and calcium chloride were added to this solution without altering the other com- 
ponents; thus the tonicity was increased by 3-15°%. The solutions of calcium and magnesium 
chloride were standardized by titrating the chloride by the Volhard method. 
Acetylcholine was assayed on the blood pressure of eviscerated, chloralosed cats. Magnesium 
ions in the concentrations present in the perfusates had no effect upon the fall of blood pressure 
produced by acetylcholine. Nevertheless all samples to be assayed were adjusted to the same ionic 
composition by adding suitable amounts of magnesium chloride to the control samples. Because 


of the vasodilator action of magnesium ions (see below), all samples were also made up to the same 
volume before assay. . 


RESULTS 
Ganglionic block by magnesium ions 
When the magnesium content of the fluid perfusing preparations of superior 
cervical ganglia is increased stepwise, little effect on ganglionic transmission 
is observed until a concentration of 15-20 mm magnesium chloride is reached. 
Fig. 1a shows the response of the nictitating membrane to stimulation of the 
cervical sympathetic trunk at a frequency of 2 and 20 shocks per second, the 
superior cervical ganglion being perfused with Locke’s solution. After addition 


(a) (b) (c) 
2 NU» 
Fig. 1. Cat, chloralose. Contraction of nictitating membrane in response to stimulation of cervical 


sympathetic trunk at 2 and 20/sec. (a) Ganglion perfused by Locke's solution. (6) Locke’s 
+20 mm-MgCl,. (c) Locke’s + 1: 160,000 tubocurarine. 


of 20 mm magnesium chloride (Fig. 1) the response to low frequency stimula- 
tion was scarcely perceptible, although the response to the higher frequency ~ 
of stimulation was only slightly reduced. This comparatively slight impair- 
ment of ganglionic transmission at the higher frequency of stimulation was 
always observed. It contrasts with the rapid failure of transmission seen under 
similar circumstances when the ganglion is perfused with p-tubocurarine 
(Fig. 1c). The concentration of tubocurarine chloride used in this experiment 
was 1:160,000. At this concentration the response of the nictitating membrane 
to stimulation at 2/sec was barely reduced, but on stimulating the preganglionic 
trunk with a frequency of 20/sec the nictitating membrane responded only 
transiently, soon relaxing almost as rapidly as if stimulation had ceased. 

A similar contrast between the actions of magnesium and tubocurarine 
upon the neuromuscular junction has been observed by Naess (1952). He 
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showed in rabbit nerve-muscle preparations, that when single infrequent nerve 
volleys are completely blocked by magnesium, a motor nerve tetanus is still 
transmitted. With tubocurarine, on the other hand, the response to a tetanus 
is particularly sensitive (Bremer & Titeca, 1931). 

These differences in the blocking action of magnesium and tubocurarine, at 
varying frequencies of stimulation, suggest that the two substances have 
different modes of action. We therefore made experiments to discover whether 
magnesium influenced the release of acetylcholine from the nerve endings. 


Effect of magnesium ions on acetylcholine output 

In early experiments the cervical sympathetic trunk was stimulated con- 
tinuously at a frequency of 5 or 10/sec, samples of the perfusate being 
collected for assay during consecutive 5 min periods. Fig. 2 shows the effect 
of adding 20 mm magnesium chloride to the perfusion fluid 15 min after the 
beginning of stimulation. This resulted in a striking decrease in the acetyl- 
choline output which, however, again increased on returning to Locke’s 
solution as the perfusion fluid. 
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_ Fig. 2. Ganglion perfused with eserinized Locke’s solution. Output of acetylcholine in response 
to stimulation of cervical sympathetic at 5/sec. Between arrows (| +) Locke’s replaced by 
solution containing 20 mm-MgCl,. 


The disadvantage of this method was that the output of acetylcholine often 
fell away steeply during the stimulation. It was then difficult, because of the 
limit set by the assay method, to estimate a further decrease, especially when 
the initial output of acetylcholine was low. In the later experiments, therefore, 
the preganglionic nerve was stimulated intermittently, 5 min periods of 
stimulation alternating with an equal period of rest. This procedure usually 
gave a series of samples containing an approximately equal amount of acety]- 
choline (Fig. 3a), presumably because exhaustion of the stock of acetylcholine 
was avoided (Perry, 1953). In a few experiments, however, the first sample 
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T T 


= 


~ 
« 
7 
q 
| 
t 
4 


MAGNESIUM AND SYNAPTIC TRANSMISSION 237 


contained more acetylcholine than the subsequent samples. Thus, six samples 
were usually collected, and Locke’s solution was replaced by the solution con- 
taining magnesium chloride, during the collection of the third and fourth 
samples. Addition of 10 mm magnesium reduced the amount of acetylcholine 
released by 10-40%. With 15 mm magnesium the output was usually about 
halved, and with higher concentrations (25 mm) the perfusates often contained 
too little acetylcholine for an assay to be made (Fig. 35, c, d). 


(a) 80 (b) 
20+ 20 + 
| 
20 + 20 
Min Min 


Fig. 3. Each block in this and subsequent figures represents amount of acetylcholine released 
during 5 min stimulation of cervical sympathetic at 2/sec. (a) Ganglion perfusion by 
eserinized Locke’s solution. (b) 10 mm-MgCl, present during collection of samples 3 and 4. 


(c) 15 mm-MgCl, present during collection of samples 3 and 4. (d) 25 mm-MgCl, present during 
collection of sample 3. 


Antagonistic action of calevum 
The blocking action of magnesium ions is to a large extent relieved by adding 
calcium ions to the perfusion fluid. Fig. 4 shows that a threefold increase in 
the concentration of calcium (i.e. 6-3 mm) causes a considerable restoration of 
ganglionic transmission partly blocked by 20 mm magnesium chloride. This 
appeared to be the optimum concentration of calcium for relieving the block; 
higher concentrations (10-20 mm calcium chloride) were less effective. 
To discover more about how calcium antagonizes the blocking action of 
magnesium, the output of acetylcholine from a perfused ganglion was reduced 
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to about 50% by adding 15mm magnesium chloride to Locke’s solution 
(Fig. 5, samples 3 and 4). 4:2 mm calcium chloride was then added to the 
solution, bringing its total calcium content to 6-3 ma. After the further addition 
of calcium (during samples 5 and 6), the output of acetylcholine returned 
almost to the level to be expected had no magnesium been present. 

In another similar experiment, the calcium concentration of the perfusion 
fluid was increased to 8-4 mm while the last two samples were collected. The 
acetylcholine output in these last two samples was higher than that in the 
samples taken at the beginning of the experiment when perfusing with normal 
Locke’s solution. 


TH 
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Fig. 4. Fig. 5. 
Fig. 4. Cat, chloralose. Contractions of nictitating membrane. At signal, cervical sympathetic 


stimulated for 1 min at 2/sec. (a) Ganglion perfused by Locke’s solution. (b) After addition 
of 20 mm-Mg(l,. (c) After addition of 4-2 mm-CaCl, to solution used in (6). 


Fig. 5. Ganglion perfused by eserinized Locke's solution. After sample 2, 15 mm-MgCl, added. 
After sample 4, 4-2 mm-CaCl, added. — 


(a) (b) 


Output of acetylcholine (myg/S min) 
T 


Effect of high caleium on acetylcholine output 

These experiments prompted us to test the effect of simply increasing the 
concentration of calcium ions in Locke’s solution above the normal value. 
Using the same procedure as before, we found that changing from 2-1 mm 
concentration to augmented the output by about 40% 
(Fig. 6a). With 8-4 and 10-5 mm calcium concentration the output was 
approximately doubled, the values obtained under such conditions being the 
highest recorded in all our experiments (Fig. 65). 

Further increases in the calcium concentration were less effective. Thus in one 
experiment in which 14-7 mm were used no significant increase in the acety!]- 
choline output could be detected. Del Castillo & Stark (1952) have found a 
similar relationship between the concentration of calcium ions and the size of 
the end-plate potential in frog muscle. 
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Fig. 6. Ganglion perfused by eserinized Locke’s solution (2:1 ma-CaCl,). (a) 6-3 mam-CaCl, present 
during collection of samples 3 and 4. (6) 8-4 ma-CaCl, present during collection of samples 
3 and 4. 
Vasodilator action of magnesium 
An incidental observation was that whenever the ganglion was perfused 
with solution containing magnesium chloride the volume of the perfusate 
increased, the perfusion pressure being kept constant. Addition of 20 mm 
magnesium usually doubled the volume of the collected perfusate. This finding 
supports the suggestion that the fall in blood pressure observed on intravenous 
injection of magnesium chloride may, in part, be due to a direct vasodilator 
action upon the blood vessels (Stanbury, 1948). 


DISCUSSION 


Two actions of the magnesium ion combine to produce ganglionic block. 
Stanbury (1948) showed that close arterial injection of magnesium chloride 
into the superior cervical ganglion reduces the sensitivity of the ganglion cells 
to a subsequent dose of acetylcholine or potassium chloride. We have found 
that magnesium reduces the output of acetylcholine from the nerve endings. 
The extent to which this action contributes to the failure of transmission can- 
not be determined from our experiments, for it is known that the amount of 
acetylcholine liberated by a series of maximal preganglionic volleys is in excess 
of the minimum required to produce full excitation of the ganglion cells (Brown 
& Feldberg, 1936a). More quantitative information on this point has been 
obtained by del Castillo & Engbaek (1954) from the neuromuscular junction. 
They found that the neuromuscular block produced by magnesium 1s mainly 
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due to a reduction in the amount of acetylcholine liberated, rather than to the 
decreased end-plate sensitivity and increased threshold of the muscle fibres 
which can also be observed after addition of this cation. 

Comparison of our results with those of del Castillo & Engbaek (1954) shows 
that higher concentrations of magnesium are required to reduce the output of 
acetylcholine from the mammalian sympathetic ganglion, than are necessary 
to reduce the amplitude of the single end-plate potential in frog muscle. Apart 
from any inherent differences in the two structures, a reason for this may be 
that our values represent the mean output of acetylcholine of several hundred 
volleys in succession. They give no indication of the extent to which the output - 
in response to the first volley is affected, since it is known that in magnesium 
treated preparations the output of transmitter per volley increases pro- 
gressively in the course of repetitive stimulation as a result of the developing 
facilitation (del Castillo & Katz, 1953). 

Development of prejunctional facilitation may also explain why trans- 
mission at higher frequencies of stimulation is well maintained in preparations 
partly blocked by magnesium ions. By reducing the initial output of acetyl- 
choline, magnesium probably causes a more economical use of the stock of 
acetylcholine available, and allows the appearance of facilitation. In the case 
of tubocurarine, on the other hand, the initial output of acetylcholine is not 
diminished (Brown & Feldberg, 19365), and it soon falls to a level below that 
necessary for excitation of the now less sensitive ganglion cells in spite of the 
build-up of facilitation. A similar mechanism could probably also account for 
the differences between the action of the two agents on neuromuscular trans- 
mission (Naess, 1952). 

With regard to the manner in which magnesium reduces the output of 
acetylcholine, it is unlikely that inhibition of acetylcholine synthesis is 
responsible, for Feldberg & Hebb (1947) have shown that this cation exerts an 
accelerating action on the formation of acetylcholine. The blocking action of 
magnesium at non-cholinergic junctions (Katz, 1936) also suggests that a less 
specific system is nvolved. Most probably, magnesium acts on the pre- 
ganglionic nerve endings much as it does on the motor nerve terminals, i.e. by 
reducing the number of sub-units responding to a nerve volley (del Castillo & 
Katz, 1953). 

That calcium ions are essential for the release of acetylcholine was shown by 
Harvey & MacIntosh (1940). Our experiments show that at normal calcium 
concentrations only part of the acetylcholine release mechanism is activated 
by preganglionic stimulation at 2/sec. By suitably increasing the calcium 
concentration or by rapid repetitive stimulation (Larrabee & Bronk, 1947) 
additional release units are mobilized, just as in the case of the neuromuscular 
junction. The antagonism between calcium and magnesium ions presumably 
resides at this level. 


a 
+ 
. 
5 
i 
a 
ba 


MAGNESIUM AND SYNAPTIC TRANSMISSION «241 


SUMMARY 


1. The perfused superior cervical ganglion of the cat has been used for 
studying the effects of magnesium and calcium ions on the release of acetyl- 
choline from the preganglionic nerve endings. 


2. Magnesium ions in concentrations causing block of ganglionic trans- 
mission (15-25 mM) reduce the output of acetylcholine. 


3. Calcium ions (4-10 mm) relieve the block produced by magnesium ions 
and restore the output of acetylcholine. 


4. By increasing the concentration of calcium ions in Locke’s solution to 


8-10 ma, twice the usual amount of acetylcholine is liberated by preganglionic 
stimulation. 


We wish to thank Professor G. L. Brown for his stimulating interest in these experiments, which 


were supported by an equipment grant from the Central Research Fund of the University of 
London. We are grateful to Miss Benita Williams for assistance. 
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AN EFFECT OF STRETCH UPON THE SODIUM OUTPUT 
FROM FROG MUSCLE 


By E. J. HARRIS 
From the Department of Biophysics, University College, London 
(Received 30 September 1953) 


Feng (1932) showed that application of a stretch to a resting frog muscle 
increased its rate of heat production temporarily. The effect has recently been 
further investigated by A. V. Hill (personal communication) who has suggested 
that it might be accompanied by changes in the rates at which ions move 
between the muscle and the surroundings. Harris (1953) failed to find any 
influence of stretch upon the movement of potassium into or from the muscles; 
the experiments to be described indicate that there is a marked influence upon 
sodium movement. This different behaviour of the two ions is not altogether 
surprising, because the accumulation of potassium may be accounted largely on 
the basis of the action of physical forces, though some chemical combination 
has also been indicated in tracer experiments (Harris, 1953). On the other 
hand, there must be some connexion between metabolism and sodium output 
if the latter is the result of a pump operating so as to keep cell sodium level low. 


METHODS 


Pairs of sartorii of frogs (Rana temporaria) were excised; they were left attached to a common 
fragment of bone or cartilage at the pelvic end. They were treated initially with a saline medium 
containing a trace of “Na; the chemical composition was: Na* 120, K+ 3, Ca** 1, Mg** 1, Cl- 97, 
HCO; 30 m.moles/l. Oxygen with 5% CO, was bubbled through the fluid. A measure of the *Na — 
taken up was obtained at intervals by removing the pair of muscles from the radioactive solution 

and either assaying them in turn with no other treatment than a light blotting, or after immersing 
them for a timed period in a similar but inactive saline to remove a proportion of the extracellular 
“Na. The assay was made by placing the pair of muscles so that the middle portion of the one to 
be assayed was beneath the aperture of a lead window above which was mounted an end-window 
Geiger counter. It is to be noted that the muscles were not stretched during the actual counting, 
so there is no reason to suspect a change of geometry. On account of the penetrating nature of the 
y-radiation from “Na the muscle not beneath the window contributed some 20% to the counting 
rate, but this mattered little because both members of the pair were in nearly all cases behaving 


The was ty beth loops aria Of an dongeted UU, the common 
fragment of bone being pulled against the other arm. The lengths of the muscles were measured 
both before excision and during the stretch. 
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After a number of observations had been made during exposure to the radioactive medium the 
pair of muscles was transferred to similar inactive medium and the loss of radioactivity was 


followed. Between some successive readings the muscles were again stretched, so that the influence 
upon the efflux of the radioactive Na could be directly found. 


RESULTS 
The effect of stretch on sodium content 

Muscles equilibrate with the **Na-labelled solution in about 2 hr. First there 
is a rapid filling of the extracellular space, taking about 1 min to reach half 
completion, then a turn-over with the Na in the cells. The latter process has 
a time constant of about 40 min at 18° (Harris, 1950), and it was confirmed 
that a similar figure held in these experiments in which *Na was entering 
instead of leaving the cells. 

Any measurements involving the application of a highly radio-active solu- 
tion to a tissue which does not concentrate the radioactive ion are necessarily 
rather subject to errors on account of the need to reproduce accurately a 
blottimg or washing technique. Readings of the activity (measuring the 
amount of Na which has entered from the solution) were taken, starting 1-2 hr 
after putting the muscles in the labelled solution. Some were taken directly 
(as in the top lines in Fig. 1 A, B), and others following a timed wash (Fig. 1C, 
and lower lines in A and B). The latter showed less variation between suc- 
cessive readings and should afford a better measure of the *4Na in the cells 
than the former, which include all the extracellular **Na. 

After a series of readings had been taken to show that the activity was not 
changing appreciably, the muscles were stretched and kept in the active solu- 
tion for a further 10 min or longer. Readings were again taken, and finally, in 
- some experiments, a further period without stretch was given. 

In experiments made in September and between March and mid-June the 
application of stretch caused the radioactivity to diminish, whether this was 
measured with, or without, a wash (Fig. 1 and Table 1). Between mid-June 
and August tests made on further batches of frogs showed little or no response 
to stretch. 

There seems no reason to doubt that in the appropriate season stretching 
causes the cellular Na to diminish in quantity. That the diminution is not due 
to a mechanical expulsion of fluid from the extracellular spaces is shown by 
the facts that (a) the absolute diminution in readings taken after washing is 
nearly as much as the diminution in readings before washing (Fig. 1), and 
(b) @ mechanical effect would not show seasonal changes. That the effect is 
reversible is indicated in two experiments in Fig. 1, in which a further period 
without stretch was used. It is also noteworthy that increased stretch does 
give rise to an increased Na output; this observation is paralleled by Feng’s 
heat rate measurements. ae 
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Fig. 1. The Na content of muscles as measured by the radioactivity derived from “Na in the 
external solutions. The upper values in A and B are obtained without washing, the lower 
values after a 5 min wash (note this was not given just before applying stretch). C shows the 
similar behaviour of the individuals of pair muscles; readings were taken after 1 min washes. 
Stretches were applied in the intervals marked. Note that the muscles were put in the 
radioactive medium an hour or longer before taking the first readings. Temp. 18° C. Length 


in body taken as 100%. 


Tas_e 1. Effect of stretch on the “Na content of sartorii which had been equilibrated in “Na- 
labelled saline for about 2hr. All readings were taken after a timed wash of duration 


stated 
Duration of 
wash given 
Stretch before all 
— readings, 
Amount *Na content stretched or 
Tem (new length following stretch unstretched 
(°C) as % orig.) (min) (% of previous value) (min) 
18 124 10 70 3 
18 120 10 81 3 
0 119 10 78, 79 1 
0 124 q 72, 72 1 
18 117 8 84, 83 l 
+8} 68, 68 | 
18 134 10 92, 94 | 89, 86 Nil | 5 
+10 84, 87 | 54, 56 Nil | 5 
18 138 10 71, 72 1 
+10 71, 72 1 


Results obtained using pair muscles are shown together. 
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The effect of stretch on sodium efflux 
An alternative way to observe the movement of Na is to follow the loss of 
*4Na from a prepared muscle to a solution kept free from radioactivity. In 
such an experiment there is for a few minutes a rapid loss of activity from the 
extracellular spaces, and then a slower turn-over of the cellular fraction 
(Harris, 1950). Ifa stretch be given for a period some 30 min or more after the 
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Fig. 2. Fig. 3. 
Figs. 2 and 3. The time course of the loss of *Na from muscles which had first been soaked in 
a medium containing a trace of the radioactive ion. Stretches were applied between the 
points indicated. Temp. 0° C. Body length taken as 100%. 


immersion of the muscle in the inactive solution it is possible to see whether 
an increased rate of Na output is induced. This proved to be so in a number 
of experiments made in the same season as the positive results already 
described were obtained. Figs. 2 and 3 illustrate this acceleration, which could 
be brought about several times in succession. It must be stressed that the 
exact form of the curve following stretch (shown dotted) is not defined, but 
the response is sufficient to increase the mean efflux by a factor of at least two. 
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DISCUSSION 


The results of both kinds of experiment taken together indicate that the intra- 
cellular Na is reduced by stretch on account of its being more rapidly extruded, 
there being the reservation that some seasonal influence may abolish the effect 
in mid-summer. 

When present, the effect can lead to an increase of the rate of extrusion by 
a factor of at least two, which in turn brings about a diminution in internal Na. 
The resting metabolism, as measured by heat production or oxygen consump- 
tion, can be increased by 2-4 times (Feng, 1932), and the CO, production rate 
also rises by as much as 4 times (Eddy & Downs, 1921). Thus the effect suggests 
that a correlation does exist between the rate of metabolism and the rate of 
Na excretion. Along with an increased metabolic rate it would be expected 
that phospho-creatine would be broken down, which would lead to alkaline 
conditions because of the lower dissociation constant of phosphoric acid as 
compared with that of the phospho-compound. Both Dubuisson (1940) and 
Margaria (1934), using respectively an external glass electrode and an indicator, 
report that stretching does cause a shift in the alkaline direction. This shift 
might turn on the Na pump, or the coupling might be closer. It is interesting 
that some promotion of metabolic activity brought about in this mechanical 
way appears to improve the capacity of isolated muscles to survive (Weiss, 1933) 
as judged by their remaining excitable. Probably this is due to their retaining 
a high K and low Na in the stretched state. This author also mentions a 
seasonal influence. 

It would be expected that the reduction of internal Na which can be induced 
by stretching would be reflected in an increased action potential. There appears 
no reason to anticipate a changed resting potential, and indeed no effect on 
this was found by Ling & Gerard (1949). At present there does not appear to 
have been an investigation, using the internal electrode technique, of the action 
potential; the only relevant observations are those of Ralston & Libet (1953) 
who used a diffuse electrode. Using indirect stimulation, but not when using 
direct stimulation, there was as much as a twofold increase of action potential 
upon stretching. Evidently the relatively small effect of a reduced internal 
Na concentration would show with either method of stimulation, so the 
authors’ explanation that their result was due to improved neuromuscular 
transmission must be accepted. 


SUMMARY | 
1. Radioactive sodium has been used as tracer to study the sodium content 
and the rate of excretion of sodium by frog sartorius muscles with and without 
the application of stretch. 
2. In September and from March to mid-June there was a considerable 
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effect of stretch, which led to a reduction of the cellular sodium content by 


increasing the rate of sodium excretion. Between mid-June and September 
the effect was absent. 


I have to thank the Medical Research Council for a grant for technical assistance, and the 
Government Grants Committee for an expenses grant. Dr P. C. Caldwell of this laboratory has 
kindly allowed me to use an experiment which he made. 


REFERENCES 


Dusvisson, M. (1940). pH et point isoionique de la myosine. Arch. int. Physiol. 60, 203-232. 

Eppy, N. B. & Downs, A. W. (1921). Extensibility of muscle: the uction of carbon dioxide 
by a muscle when it is made to support a weight. Amer. J. Physiol. 56, 188-195. 

Fena, T. P. (1932). Effect of length on muscle metabolism. J. Physiol. 74, 441-454. 

Harris, E. J. (1950). The transfer of Na and K between muscie and the surrounding medium. 
Trans. Faraday Soc. 46, 872-882. 

Hargis, E. J. (1953). Exchange of muscle potassium. J. Physiol. 120, 246-253. 

Luxe, G. & Gurarp, R. W. (1949). Influence of stretch on the membrane potential of the striated. 
muscle fibre. J. cell. comp. Physiol. 34, 397-405. 

Marcarm, R. (1934). An apparent change of pH on stretching a muscle. J. Physiol. 82, 496-497. 

Ratston, H. J. & Liszt, B. (1953). Stretch and action potential of voluntary muscle. Amer. J. 
Physiol, 178, 449-455. 


Weiss, P. (1933). The influence of stretch on the length of survival of isolated muscles. Amer. J. 
Physiol. 106, 156-169. 


4 
¢ 
b 
ow 
whl 


J. Physiol. (1954) 124, 248-253 


IONOPHORESIS ALONG FROG MUSCLE 
By E. J. HARRIS 
From the Department of Biophysics, University College, London 
(Received 1 October 1953) 


As early as 1924 Hevesy was able to demonstrate that lead moved through 
animal tissues by making use of a natural radioisotope of lead (Christiansen, 
Hevesy & Lomholt, 1924). The effect of an applied electric field upon the 
movement of radioactive ions through biological tissues has, however, only 
been studied recently. Hodgkin & Keynes (1950, 1953), working with isolated 
nerve fibres from Sepia, were able to show that the diffusion constant and the 
mobility of the radioactive K ions they had introduced into the nerve were 
little, if at all, less than those of K ions in free solution. The present experi- 
ments were made using the sartorius muscle of the frog, and the migration of 
some ions along the bundle of fibres has been observed. This migration can 
take place both intra- and extracellularly, but the results can be interpreted in 
the light of knowledge concerning the distribution of ions between extra- and 
intracellular phases. They show that movement along the direction of the fibres 
in the extracellular phase is nearly as rapid as in water, while some of the 
applied phosphate becomes attached to the muscle material so that mobility 
of this fraction is greatly reduced. Potassium, which was almost certainly 
intracellular, moved with mobility little less than it possesses in free solution. 


METHODS 


The sartorii of Rana temporaria were used throughout. The muscles were dissected out and treated 
as described below to introduce a localized concentration of radioactive material several milli- 
metres from the pelvic end. To carry out the migration experiment one such muscle was laid on 
a thin polythene sheet insulating it from the top surface of a thick brass block resting in a water- 
tight container. By filling the container so that water (or crushed ice) came nearly to the top of 
the brass block the temperature of the latter could be controlled. 

Four electrodes were applied to the muscle. The two leading currents into and from its extremi- 
ties consisted of silver wires embedded in tufts of cotton-wool soaked in 0-1 M-potassium phosphate 
solution; the two potential electrodes were fine capillaries filled with saline solution into which 
chlorided silver wires dipped. The muscle rested across the ends of the potential electrodes, which 
were separated by about 1-5 cm and were laid flat on the polythene sheet. Current from a small 
battery was passed through the muscle along the direction of the fibres by means of the current 
electrodes; the current was set by means of a variable resistance to a value giving a suitable 
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potential difference as indicated on a valve voltmeter connected to the potential electrodes. To 
reduce evaporation from the muscle during the experiment it was covered with a thin sheet of 
polythene which was stuck down to the lower sheet by means of a little vaseline. 

The distribution of radioactivity along the muscle was found by scanning it with a Geiger 
counter mounted behind a slit 1 x 5 mm cut in a lead sheet 5 mm thick. The length of the slit was 
perpendicular to the muscle fibres. The slit and counter were carried on a frame forming part of 
the movement of a travelling microscope so that they could be traversed along the length of the 
muscle. By measuring the radioactivity at intervals along the length a plot of radioactivity versus 
distance was obtained. 

To start the ionophoresis a current of about 30-60 1A was used, producing a potential difference 
of 0-4-0-6V across the potential electrodes. At intervals during the passage of the current new 
plots of the distribution of the radioactivity were made. 


Treatment of the muscles to introduce the radioactivity 

The exact procedure used to apply the radioactive ion varied according to the site where it was 
thought the substance would be located. 

Phosphate prepared from **P was used in carrier-free solution containing sufficient NaCl to 
make it isotonic, About 1 mC was dissolved in 1 ml. A piece of thread about 5 mm long was 
soaked in the solution and then laid across a sartorius muscle (i.e. at right-angles to the direction 
of the fibres) at about 4-6 mm from the pelvic end. (In the figures the zero of the length axis is 
arbitrarily determined and does not correspond to the end of the muscle which in fact is embedded 
in cotton-wool), The muscle was kept in a moist enclosure for 10-30 min and then the thread was 
removed. Before proceeding with some experiments the muscle was rinsed for about 15 sec in 
physiological saline thus removing much of the **P present in the extracellular phase; in other 
cases the specimen was submitted directly to the action of the current. 

Sodium as isotonic NaCl-NaHCO, mixture was applied similarly ; no wash could be given because 
this removed the radioactivity. To obtain a defined radioactive zone it was necessary to start with 
the muscle in a rather dry state before applying the moistened thread. It was sufficient to draw 
the thread across the muscle, taking a few seconds, to obtain an adequate radioactivity. Use of 
longer times, or moist preparations, led to the production of very ill-defined radioactive zones, 
presumably because of the capillary spread of the solution. 

Potassium was applied using a thread soaked in 0-1 M-potassium phosphate (pH7) prepared 
from irradiated KHCO,. This solution brought about a local contracture. The muscle was kept 
in a moist enclosure for 10-20 min, and then washed in physiological saline for 15 sec to remove 
the outermost extracellular “*K. 


RESULTS 
The distribution of the radioactivity at various times during individual experi- 
ments has been plotted in Figs. 1-5. The peaks, if they moved, always did so 
in the direction expected from the signs of the ionic charge and the direction 
of the applied field. 

Phosphate. If applied and subjected to the action of the current without any 
previous wash this splits up into a nearly immobile fraction and a mobile 
fraction (Fig. 1). If a wash is given the mobile fraction is not detectable 
(Fig. 2). The localization of the activity diminishes spontaneously, on account 
of diffusion into and along the muscle, even in the absence of a current (Fig. 3). 
The mobility of the mobile fraction of the phosphate has been calculated 
(Table 1). A control experiment was made using a piece of nylon thread which 
was substituted for the muscle; the **P did not remain fixed to this material, 
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Start 
2hr 47 min 
3hr 46min 
L 
Distance (cm) : 
Fig. I Fig. 2 


Fig. 1. Migration of *P-labelled phosphate at 17° C with applied field 0-25V.cm-*. The muscle 
was not washed before starting. The individual counts were each taken for 1 min so the 
standard deviation due to statistical errors can readily be estimated by taking the root of 
the number. At the double humped parts of the curves the s.p. is little more than the thickness 
of the line. 

Fig. 2. Migration of **P-labelled phosphate on muscle prepared by exposure to the **P overnight, 
followed by a rinse. The *P preparation was much less active than that used in the first 


figure. A large quantity of the material has spread along the muscle, but the peak scarcely 
moves under the influence of the field (0-43 V.cm-*). 
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Fig. 3. Fig. 4. 

Fig. 3. Spontaneous diminution of the peak due to an application of **P-labelled phosphate. 
Theré was no applied field. The activity moves into the cotton-wool electrodes at the 
extremities of the muscle, 

Fig. 4. Migration of “Na labelled sodium at 18° under a field of 0-265 V.cm~'. Owing to poor 
localization of the activity as explained in the text the ordinate scale does not start at 

zero. 
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but moved with mobility similar to that possessed by the mobile fraction on 
the muscle. 

Sodium. This spreads by capillary creep and diffusion, but it is possible to 
calculate the mobility from the movement of the position of maximum radio- 


Taste 1. Migration of ions along sartorius muscles 


Rate of 
movement 
of max. 
ws Potential radio- 
emp. poe activity Mobility (cm* 
Ion (°C) . (om. hr-*) 
Phosphate (muscle 17 (Fig. 1) 0-251 0-11, 0 1-2 x 10, 0 
not washed) 18 0-214 0-14, 0 1-9 x 10-4, 0 
Nylon thread 17 0-261 0-14 1-5 x 10-¢ 
Muscle washed 18 0-34 0-0 0 
before expt. 17 (Fig. 2) 0-43 0-02 0-13 x 10-* 
Sodium 19 0-181 0-27 41x10~ 
18 (Fig. 4) 0-265 0-30 3-2x10-* 
17 0-214 0-32 42x10 
0 0-282 0-28 2-7 x 
Potassium 18 (Fig. 5) 0-251 0-40 44x10 
18 0-251 0-41 45x10 
16 0-251 0-35 3-8 x10-* 
Start 
| 
thr 14min 
3h 
200 F- 
1001 A 
0 10 20 30 
Distance (cm) 


Fig. 5. Migration of “K-labelled potassium at 18° under a field of 0-25V.cm~*. The ordinate 
scale starts at 100 counts/min. A length equal to twice the s.p. is shown at the peak of 
each curve. 


activity (Table 1). There is no indication of separation into two fractions 
(Fig. 4), but this would be difficult to see if one fraction were small because the 
high background produced by the penetrating y-radiation from the “Na 
reduces the resolution of the detecting apparatus. 
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Potassium. This moves in much the same way as sodium, but the small 
amount of y-radiation permits better resolution. The washing given to the 
muscle causes some spreading of the activity, but the movement of the 
maximum is easily measured (Fig. 5). 

The muscles used in phosphate and sodium experiments retained their 
excitability for 1-2 hr (with no further wash given to them), but those used in 
the postassium experiments were depolarized locally by the application of the 
treatment solution and soon ceased to twitch upon making and breaking the 
current. 


DISCUSSION 


The mobility of sodium, of which at least a half will be extracellular when 
equilibrated between fibre and surroundings, is equal within the limits of 
accuracy of the experiments to the accepted value in free solution (3-8 x 10-*cm? 
sec-! V- at 18°). This agreement is to be expected if the migration takes place 
along extracellular fluid. The mobilities of potassium and of part of the phos- 
phate ion appear to be lower than the respective values in free solution. 
(K =5-7 x 10-*; HPO?” about 2-4 x 10-* cm* sec-*V-! at 18°. The pH of the 
muscles was about 7-2 so the phosphate ion will actually be present as a mixture 
in two states of ionization. No figure for the mobility of H,PO; has been found 
in the literature.) While the difference cannot be considered significant in the 
small number of observations made, it may imply a reduction in ionic mobility 
brought about by successive adsorption and desorption of ions on the muscle 
protein. This is particularly likely in the case of phosphate because there is the 
evidence of the immobile spot which evidently represents the formation of a 
compound between the applied phosphate and the muscle substance. The 


_ strong adsorption of phosphate has already been demonstrated in the radio- — 
_ autographs and measurement of **P-labelled phosphate uptake and loss made 


by Causey &, Harris (1951). 

It is to be noted that the nearly immobile phosphate peaks gradually 
diminish in amplitude and simultaneously broaden. This indicates that the 
adsorption compound eventually dissociates. Such dissociation during the 
course of the experiment would account for the slight movement observed in 
the ‘fixed-phosphate’ peak in Fig. 2. Any charged ions liberated from the 
compound will be additional to the dissolved extracellular phosphate which is 
to be expected in an unwashed muscle (Fig. 1). It is this latter fraction which 
may reasonably be assumed to account for the mobile phosphate peak observed 
in both experiments made on unwashed specimens (Table 1). 

It should be noted that the radioactivities have not been corrected for decay. 
Allowance for this would lessen the difference in area beneath the successive 
curves in the Na and K experiments. Ideally for a uniform object the total 
area under the curve should remain constant. This is not so in practice, even 
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when decay corrections are applied, because (a) the active material is applied 
to the upper surface of the specimen, so with the passage of time the radiation 
has to penetrate more and more material as the radioactive ions spread down- 
wards, and (6) the irregular cotton-wool electrodes at the ends acted as large 
sinks for radioactive ions emerging from the muscle. The point (a) above would 
account for the reduction to two-thirds of the total activity if a thickness of 
50 mg/cm* (0-5 mm aqueous medium) were interposed between the initial 
curve and the next. This thickness corresponds roughly to the half thickness 
of one of the muscles used. 

On account of these disturbing influences it is not possible to use the rate of 
broadening of the peak of activity to measure the diffusion constant by the 
elegant method applied by Hodgkin & Keynes (1953) to the Sepia axon, which 
is a relatively uniform object. 


SUMMARY 

1. By application of radioactive ions to a localized area of frog sartorius 
muscle and then observing the movement of the peak of radioactivity under 
the influence of an electric field it is possible to deduce the mobility of the ions 
along the tissue. 

2. The mobility of sodium, potassium and the mobile part of phosphate is 
from 80 to 100% of the corresponding mobility in free solution. 

3. Part of the applied phosphate remains attached for some hours at the 
site of application and does not appear to move appreciably along the electric 
gradient. This part does, however, gradually spread. 
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THE ELECTRICAL RESPONSES OF MAMMALIAN 
CEREBRAL CORTEX 


By B. G. CRAGG 
From the Anatomy Department, University College, London 


(Received 14 October 1953) 


The potential difference between an electrode on the surface of a cortical area 
and an electrode on a distant indifferent tissue changes in a characteristic 
way after the stimulation of a tract of axons leading into the cortical area. 
A large number of studies during the last twenty years has established that in 
the visual, auditory and somatic-sensory areas the first change at the cortical 
electrode is of positive polarity and 5-10 msec duration and the second of 
negative polarity and 10-100 msec duration. This primary pattern of response 
is often followed by a variable number of diphasic waves of potential change, 
each lasting about 100 msec. The relation of the primary response to the 
action-potentials of single neurones has been reviewed by Eccles (1951) and 
there is little doubt that the two waves of the primary response represent the 
integrated synaptic and after-potentials of the cortical neurones first stimulated 
_ by the afferent impulses. Few studies have as yet been made of the change in 
this pattern of response at different depths in the cortex, though Burns & 
Grafstein (1952) have reported marked changes with depth in the response of 
cortex to direct electrical stimulation of its surface. A reversal of the polarity 
of the response occurs in the region of the cell bodies whose dendrites are 
responsible for the potential changes recorded at the surface. 

The present paper describes recordings from a microelectrode at different 
depths in each of the three cortical areas mentioned above after the stimula- 
tion of the appropriate afferent tract. In addition to monopolar recordings, 
voltage gradients have been measured at different depths in the radial and 


tangential directions by measuring the voltage difference between pairs of 


microelectrodes set 200 1 apart. Marked changes with depth have been found 
in the electrical recerds and these changes can be correlated with the histo- 
logical structure. The primary response waves are negative and then positive 
among the deep lying cell bodies, and positive and then negative among 
the superficial dendrites of these neurones. This result is consistent with the 
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interpretation of Eccles (1951) and similar to the results of Burns & Grafstein 
(1952). 

The one exception to the pattern of response described above is that in the 
visual area three brief spikes are recorded after the stimulation of the optic 
nerve and before the two typical waves of the primary response. These spikes 
were first detected in monopolar recordings by Bishop & O’Leary (1938) and 
were shown to be extracortical in origin by Chang & Kaada (1950). By the 
use of tangential pairs of microelectrodes, it has been possible to associate 
the last of these spikes definitely with the arrival in the visual cortex of the 
afferent impulses in the radiation axons from the lateral geniculate body. The 
two earlier spikes coincide in time with potential changes in the lateral 
geniculate body reported by P. 0. Bishop (1953) and are presumably recorded 
in the cortex after electrotonic spread. It can be shown that these two earlier 
spikes set up negligible voltage gradients in the cortex, compared with the 
gradients accompanying the last of the spikes and the two waves of the 
primary response. 

It has been mentioned that the two waves of the primary response are often 
followed by longer diphasic waves, which presumably represent the integrated 
activity of large numbers of cortical neurones, as the synchronization caused 
by the initial stimulus is lost. In order to study the patterns of neuronal 
response during these later waves, microelectrode recordings have been made 
from single cortical neurones. The recordings consist of patterns of spikes 
each of about 1 msec duration. These spikes are presumably part of the 
extracellular action potential of the cortical neurones but no synaptic poten- 
tials have yet been detected, and it has not yet been possible to make intra- 
cellular recordings. The spikes are recordable from only a small proportion of 
the cortical neurones within the area responding to the stimulation and are 
characterized by a fairly constant latency after the stimulus, though the 
number of spikes occurring in a given burst is variable from one stimulation 
to the next. | 


METHODS 


Electrodes 


For recording from single cortical neurones glass pore microelectrodes have been used, filled with 
0-9% NaCl, as described by Ling (1948), Burns & Grafstein (1952) and others. At a tip diameter 
of 1-24, some of these electrodes succeed in penetrating the pia without being broken. The 
electrodes were held in an oil-operated micro-manipulator similar to that demonstrated by 
Matthews (1952). 

For recording the integrated response of cortex at different depths steel microelectrodes made 
as described by Grundfest, Sengstaken, Oettinger & Gurry (1950) are more convenient than glass 
electrodes and can be mounted in pairs for recordings of voltage gradients. Steel needles were 
reduced electrolytically to a shaft diameter of about 204, which tapered down to a tip of about 
1 diameter. These needles were insulated in ‘Synobel Insulating Varnish’ (made by 1.0.1) by 
dipping in tip first, and baking till brown. After three to four coats of varnish the needles had — 
a resistance of more than 10° Q in mammalian saline (0-9% NaCl). The tip of the needle was then 


> 
4 


256 B. G. CRAGG 


removed with scissors under a dissecting microscope to give a bare end of about 5 diameter and 
about 10 KQ resistance (measured in mammalian saline at 100 c/s). 

Voltage gradients were measured with pairs of these steel microelectrodes mounted 200 apart 
under a microscope. A smaller separation than this often gave inconveniently small voltage 
differences. A photomicrograph of a radial and a tangential pair of these electrodes has been 
published by Cragg, Evans & Hamlyn (1954), together with a photomicrograph of a Golgi-Cox 
preparation showing a typical track made by a radial pair of electrodes. 

The sciatic nerve was stimulated by short silver wire electrodes mounted in a small ‘ Perspex’ 
holder, which insulated them from their surroundings except for the nerve trunk, and which could 
be sewn on to the underlying muscle so that the wound could be closed up. The optic nerve was 
stimulated by a steel needle electrode thrust into the nerve trunk. Two concentric steel tubes 
carried the earth and the indifferent stimulus connexion and made contact with the tissues in the 
orbit. All electrodes were insulated except where they were intended to make contact and all 
points of contact with the tissues were platinized, as this was found to make the stimulus artifact 
easier to control. The auditory system was stimulated with a small earphone held in a clamp at 
the external auditory meatus. The reproducibility of the electrical recordings, depth for depth, 
as the electrode entered and withdrew was considered to be a better test of the validity of the result 
than the use of a monitoring surface electrode. 

Surgical preparation 

Pentobarbitone was used as the anaesthetic in all the experiments to be described, including 
the preparations in which the brain stem was transected at collicular level. The trachea was 
cannulated and the animal’s head held in a Palmer Czermack-type holder, or a Horsley-Clarke 
machine. After reflecting the temporal muscles the cortex was exposed widely and kept irrigated 
with warm mammalian saline. The sciatic nerve was exposed at the level of the knee, and the 
stimulating electrodes sewn in. The optic nerve was exposed by tying the optic stalk and removing 
the eye-ball. Haemorrhage from the bone was controlled with bone wax, all muscles were cut 
with diathermy and bleeding from the dura or in the orbit was controlled with muscle grafts. 
Rabbits were used in most of the experiments to be described because the pia is not so difficult 


to penetrate as in the cat. Some cats were used for brain-stem section, and for depth surveys — 


of the electrical responses since it was thought that the greater stratification in the cortex of the 
cat (the presence for instance of a clearly defined stria of Gennari) might be associated with 
a greater change in the electrical records with depth. 
Electronic apparatus 
The amplifiers used were of thé type described by Bishop & Harris (1950) and the electrodes 
were always connected to deflect the trace upwards in the photographs for a negative change at 
the active electrode. When a radial pair of the electrodes was used, the lower electrode deflected 
the trace upwards when it became negative to the upper one. The rejection ratio of in-phase to 
out-of-phase signals was at least 1000: 1. The stimulator and time base were of the type described 
by Attree (1949, 1950), and a radio-frequency transformer was used to isolate the stimulus output 
from earth (Schmitt & Dubbert, 1949). The input signal to the amplifiers was applied to the grids 
of a balanced pair of cathode followers (Bishop, 1949). The time and voltage calibration is shown 
on the records by pairs of arrows whose lengths are equivalent to the times and voltages shown 
against them. 
RESULTS 
The somatic-sensory area 


A primary response was recorded within a region of 2-3 mm diameter in this 
area after stimulating the sciatic nerve at the knee. This response is illustrated 
in Fig. 1, which shows a depth survey made by withdrawing a focal micro- 
electrode from a depth of 3 mm in the centre of the area giving the largest 
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surface response. It is seen that the response is largest at the surface where 
the first wave is of positive polarity. This response declines in amplitude to 
a small value at 0-75 mm below the pia and a reversed response begins to 
appear at 1-25 mm below the pia, reaching a maximum amplitude at a depth 
of about 2:25 mm. The time course of the response does not vary appreciably 
from the surface to the white matter. The reversed response deep in the cortex” 
does not reach as great an amplitude as the surface response. 


25 
| 
1°5 Omm 10 msec 


. 1. Monopolar recordings at different depths in the somatic-sensory cortex of a rabbit after 
a stimulating the contralateral sciatic nerve. The depth in mm below the pia is shown against 
each record. 


Radial voltage gradients (before and after the local application of 1% 
strychnine sulphate) recorded in another animal in the same — 
are shown in Fig. 2. The voltage gradient declines in the first millimetre in t “4 
same way as the voltage gradients implied by the monopolar records rhage , 
and only the time course is altered by the strychnine. No appreciab e tan- 
gential voltage gradients were detected with tangential pairs of ee 
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The variation of this electrical response with depth is consistent with one 
of the obvious features of the histological structure of cortex, for pyramidal 
cells lying at many different depths send apical dendrites up to ramify 
profusely at the surface of the cortex. The concentration of dendritic surface 
area in the upper part of the cortex corresponds to the large positive to | 
negative response. The cell bodies of the pyramidal neurones are distributed ‘ 
throughout the depth of the cortex, and this is consistent with the smaller 
amplitude of the deep reversed response. 
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Fig. 2. Radial voltage gradients at different depths in the somatic-sensory cortex of a rabbit 
after stimulating the contralateral sciatic nerve. The right-hand column is of the same deriva- 
tion as the left, after the local application of 1% strychnine sulphate solution to the surface of 
the cortex. 


The auditory area 

Fig. 3 shows records of the radial voltage gradients occurring in this area 
at different depths, The stimulation consisted of a tone of 2500 c/s applied to 
the contralateral ear during the time indicated by the arrow marked ‘stimulus’ 
in Fig. 3. A primary response was recorded within a region of 1-2 mm 
diameter in the auditory area after this stimulation, and the records were 
obtained from the centre of the region giving the largest surface response. 
It will be noted that between 0-4 and 2 mm below the pia there is a radial 
voltage gradient of similar time course to that found in the somatic-sensory 
area, which declines in amplitude with depth in the cortex and reverses 
at a depth of 2-2 mm when the upper electrode of the pair would be among 
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the depolarized neurones deep in the cortex, and the lower electrode in the 
white matter. The only additional feature in this area is that between the 
pia and a depth of 0-3 mm, a radial voltage gradient is found of opposite 
polarity to the gradient just below 0-3 mm. This result would be consistent 
with the stimulation of a layer of cell bodies lying just below the pia, or with 
the presence of a feltwork of tangential fibres above the main ramifications of 
the apical dendrites of the pyramidal neurones deeper in the cortex. Such 
a layer of fibres has been described by Cajal (1911, p. 621), and if it were 
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Fig. 3. Radial Voltage gradients at different depths in the auditory cortex of » cat evoked by 
a 2600 c/s tone applied to the contralateral ear during the period marked by the arrow 
‘stimulus’, 


unstimulated during the primary response of the neurones below, there would 
be a voltage gradient between the as yet unstimulated fibres above and the 
positive dendrites below, similar to that recorded. 
The visual area 

The optic nerve was stimulated in the orbit and a primary pattern of 
response obtained throughout the several square centimetres of the contra- 
lateral visual area. Fig. 4 shows a depth survey of the response recorded from 
a monopolar microelectrode as it was withdrawn vertically from the occipital. 
lobe near the mid-line. The persistence of the response below 2 mm in these 
records was probably due to the proximity of tip of the electrode to the 
deeper cortical neurones on the medial surface of the hemisphere since in 
recordings from more lateral positions the response was small below 2 mm. 
The records show a decline in amplitude of the surface positive-to-negative 


response in the first millimetre of cortex, similar to the decline in the somatic- 
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sensory area. Below 1 mm there is a reversal of the response, and at 1-7 mm 
the amplitude is as great as the surface response, in contrast to the smaller 
reversed response found in the somatic-sensory area. It is possible that the 
difference between the two areas is due to the presence of the large Minot cells 
deep in the visual cortex. These large cells would presumably be large 
producers of extracellular current and they show a strong tendency to lie in 
a band deep in the cortex (e.g. Cajal, 1911, fig. 388). No such concentration 


of the contralateral optic nerve. 


Fig. 5. Radial voltage gradients at different depths in the visual cortex of a rabbit after the 
stimulation of the contralateral optic nerve. 


The radial voltage gradients illustrated in Fig. 5 show a decline in amplitude 
in the first millimetre of cortex, similar to that found in the somatic-sensory 
area and consistent with that decline in the monopolar recordings. It will be 
noted that no preceding spikes appear in these radial voltage gradient 
recordings similar to those that may be seen in monopolar recordings. 

Tangential voltage gradients are illustrated in Fig. 6. The outstanding 
feature in these recordings is the increase in the amplitude of the preceding 
spike with depth in the cortex. This spike occurs 2-4 msec after the stimulus, 
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and corresponds in time with the last of the three spikes seen in monopolar 
recordings (e.g. Chang & Kaada, 1950). The two earlier spikes can only just be 
seen in the records of the tangential voltage gradient, and this is consistent 
with the evidence of their extracortical origin presented by Chang & Kaada 
(1950). The latency of the first two spikes reported by these authors coincides 
with potential changes in the lateral geniculate body after stimulating the 
optic nerve reported by P. 0. Bishop (1953). The large amplitude of the third 
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Fig. 6. Tangential voltage gradients at different depths in the visual cortex of a cat 
after the stimulation of the contralateral optic nerve. 


spike in tangential gradient recordings is consistent with Cajal’s (1911, p. 614) 
description of the optic afferent fibres turning tangentially as they enter the 
cortex. It follows that the first two spikes found in monopolar recordings are 
due to electronic spread of current from the synaptic and spike potentials in 
the underlying lateral geniculate body and that the third spike represents 
the arrival of the afferent impulses in the radiation axons in the cortex. The 
third spike is followed, in tangential gradient recordings, by irregular longer 
waves which may be due to a flow of current between the cell bodies and their 
long basal dendrites (e.g. Cajal, 1911, fig. 388) during the synaptic potential 
of the cortical neurones stimulated by the afferent impulses. 


Recordings from single neurones 
Glass microelectrodes of 1-2 tip diameter record patterns of spikes in 
some cortical loci after the stimulation of an afferent nerve. It is of interest 
that these fine electrodes record the two waves of the primary response of the 
cortex as well, implying that the integration of the responses of single neurones 
which these waves represent takes place in the tissue, and not merely at the 
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surface of large electrodes. Studies of the patterns of response of single 
neurones have been published recently by Jung, Baumgarten & Baumgartner 
(1952) and Baumgarten & Jung (1952) and the present report is confined to 
one aspect of the patterns of response: the tendency of the number of spikes 
occurring in a burst after stimulation to vary more than the timing of the 
burst. 
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Fig. 7. Twelve consecutive records from a glass microelectrode in the visual cortex of a cat 
' after the stimulation of the optic radiation. 


Fig. 7 shows twelve consecutive records from a microelectrode in the visual 
cortex of a cat after stimulating the optic radiation just below the cortex. 
The brain-stem of the cat had been transected under pentobarbitone anacs- 
thesia 8 hr previously, so that the preparation must have been practically 
unanaesthetized at the time of recording. The first of the spikes occurs about 
20 msec after the stimulation, and is of 1 msec duration, and } mV amplitude. 
There is no sign of a synaptic potential but if the ratio of the amplitudes of the 
spike and the synaptic potential were 10:1 as found by Brock, Coombs & 
Eccles (1952) a synaptic potential would be hardly detectable in these records. 
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Fig. 8 shows a further eleven consecutive records from the same locus as the 
records of Fig. 7 but recorded on a slower time base to show later spikes. The 
variability in the number of spikes, and the relative constancy of the times 


of the frst spikes, is perhaps the most marked feature of these 
reeords. 


Fig. 8. Eleven further consecutive records from the same locus as in Fig. 7 
but recorded on a slower time base. 


Fig. 9 shows two series of six recordings from two different loci in the visual 
cortex of an anaesthetized rabbit after the stimulation of the optic nerve. In 
the left-hand column the spikes occur in pairs or not at all, and in the right- 
hand column the spikes are grouped about the positive wave in the middle 
of the records. There is a marked contrast between the constancy of the 
integrated response waves in the first part of the records and the irregularity 
in the spikes. 

Fig. 10 is a series of nine consecutive recordings from a locus in the somatic- 
sensory cortex of an anaesthetized cat. This locus was giving spikes spon- 
taneously, usually in threes, and although stimulation of the sciatic nerve 
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evoked the usual waves of response in this area (seen at the beginning of each 
record), no spikes could be evoked in this locus. The rate of stimulation 
(about 1 shock per second) was set nearly at a submultiple of the rate of occur- 
rence of the spikes (about 10 bursts per second) so that the spikes occurred at 
various phases of the integrated response to the stimulation and it is seen 
that the two kinds of recording occur quite independently. 


Fig. 9. Two sets of six consecutive records from a glass microelectrode in the visual cortex of 
@ rabbit after the stimulation of the contralateral optic nerve. The two columns are from 
different loci. 


A feature common to all microelectrode recordings is the comparative 
rarity of loci giving spikes. When an electrode has safely penetrated the pia 
and has recorded spikes at one locus it may be screwed up and down to locate 
other loci also giving spikes in response to the same repeated stimulation. 
All loci of recording give the integrated waves of response but very few give 
spikes, in contrast to the separation of cortical neurones which is only some 
20-25 from centre to centre (Sholl, 1953). 
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Fig. 10. Nine consecutive records from a glass microelectrode in the somatic-sensory cortex of 
a cat after stimulating the contralateral sciatic nerve. Spikes occur spontaneously, often in 
threes, and appear to be unaffected by the evoked response at the left-hand end of each 
record. 


DISCUSSION 


The changes with depth in the two waves of the primary response of the 
cortex to the stimulation of an afferent nerve are consistent with the inter- 
pretation given by Eccles (1951). The afferent impulses enter the cortex from 
beneath, and excite the cortical neurones. Some of these neurones are pyra- 
midal cells, and the flow of current between the cell bodies and the apical 
dendrites during the upward spreading depolarization caused by the afferent 
impulses causes the potential of the upper part of the cortex to change with 
the same time constants as the deeper lying cell bodies but with the opposite 
polarity. The radial voltage gradient recorded in the upper half of the cortex 
during the period of the synaptic potential (the first wave of the primary 
response) is deep-negative to superficial-positive, and therefore consistent 
with an upward spreading depolarization of the cortical neurones. A useful 
check of this interpretation is that radial voltage gradients of the opposite 
polarity have been recorded with the same technique in the chicken’s optic 
tectum (Cragg, Evans & Hamlyn, 1954) in which the afferent fibres penetrate 
the tissue from above. The optic nerve fibres spread out over the surface of 
the tectum and then turn down towards the deeper lying neurones and 
correspondingly a downward wave of depolarization is detected in the electrical 
records. 

The explanation of this result that the deeper part of the cortex has 
& response of the same polarity as the cell bodies, while the superficial part 
has the polarity of the dendrites is equivocal. If there were just one layer of 
cell bodies deep in the cortex with apical dendrites ascending to the surface, 
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the result would be explained unambiguously. In fact there are cell bodies 
and dendrites at all depths and the result could be obtained by two different 
mechanisms. In the first place, only the neurones at certain depths might 
respond to the stimulation. This interpretation seems to be implicit in the 
discussion of Burns & Grafstein (1952) and might imply that the neurones at 
certain depths had a higher ratio of excitatory to inhibitory afferent endings 
than the neurones above or below them. The second possibility is that since, 
according to the hypothesis, the dendrites and cell bodies have potential 
changes of the opposite polarity, while depolarization is spreading from one 
to the other, the potential recorded at any given depth is related to the 
difference between the dendrite surface area and the cell-body surface area at 
that depth. If this were so, the deep and superficial peak responses would 
correspond to the statistical predominance of cell body or apical dendrite 
surfaces at certain depths and not to the location of particular neurones. In 
this connexion it has already been mentioned that the difference between the 
deep responses in the visual and somatic-sensory areas may be due to the 
presence in the former of the band of large Minot cells, while in the latter the 
cell-body surface area is more evenly distributed in depth. 

It will have been noted that the integrated response of cortex does not 
include a spike potential, even when recorded from a fine microelectrode, 
although the individual neurones may have spikes in their action potentials. 
According to Brock et al. (1952) the spike of spinal motoneurones has a dura- 
tion of 1 msec and an amplitude of nearly 100 mV, while the synaptic potential 
has a time constant for decay of 3 msec and a peak amplitude of 10 mV. 
These measurements imply that comparable amounts of current flow during 
the spike and the synaptic potential, so that the spike should appear in the 
integrated record unless the attenuation during electrotonic spread is much 
greater for the spike than for the synaptic potential. The large area of mem- 
branes with time constants of the order 3 msec might well cause such a dif- 
ferential attenuation. Another possibility is that only a small proportion of 
the cortical neurones reach the spike threshold during the depolarization of 
the integrated response. This would certainly be consistent with the rarity of 
loci in cortex that give spikes under the conditions of extracellular recording 
described in this paper, but the converse does not necessarily follow because 
the technique may not be adequate to record spikes from small neurones; 
the few loci giving spikes may be the sites of especially large cell bodies with 
a large extracellular current. 

The marked variability in the number of spikes occurring from one stimula- 
tion to the next in corresponding bursts could be caused by much smaller 
variations in the level of depolarization. Thus Barron & Matthews (1938) 
showed that the rate of firing of spinal motoneurones in the frog (as indicated 
by the impulses recorded in single efferent axons) could be controlled in the 
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range of 5-70 impulses per second by changes in small depolarizing currents of 
the order 1 »A. Within a certain range, the rate of firing changed more rapidly 
than the applied depolarizing current. A general hypothesis which accounts 
for the variability in the number of spikes in a burst and the relative constancy 
of the timing of the first spike in the burst has been discussed by Cragg & 
Temperley (1954). 

SUMMARY 

1. In the somatic-sensory, visual and auditory areas the response to a volley 
of afferent impulses consists first of two waves, called the primary response. 
These waves are the integrated synaptic and after-potentials of the cortical 
neurones first stimulated by the afferent impulses. When recorded from the 
surface the first of these waves is of positive polarity and the second of 
negative polarity. 

2. In each of these three cortical areas this primary response reverses in 
polarity in the lower half of the cortex. In the visual area the reversed response 
reaches as great an amplitude as the surface response but in the somatic- 
sensory area the deep reversed response is always smaller in amplitude than 
the surface response. In the auditory area, a small secondary reversal can be 
detected in the first 0-3 mm below the pia. 

3. The change with depth of the primary response is consistent with 
Eccles’ (1951) interpretation, though it is uncertain whether the deep and 
superficial peak amplitudes of response are related to the presence at these 
depths of particular neurones or of merely a peak in the difference between 
cell body and dendrite surface areas. 

4. In the visual area tangential voltage gradients occur as the afferent 
impulses enter the cortex in the tangentially-curving axons, but the two 
previous spikes seen in monopolar recordings do not set up appreciable 
tangential or radial voltage gradients and are due to electrotonic spread of 
current from the synaptic and spike potentials of the underlying lateral 
geniculate body. 

5. Spikes can be recorded with microelectrodes from cortical loci but they 
are sparse in comparison with the density of cortical neurones. Different loci 
exhibit different patterns of spikes in response to stimulation and, at any one 
locus, the number of spikes in a burst tends to be more variable from one 
stimulation to the next than does the timing of the first spikes in a given burst. 
The significance of these patterns of spikes is discussed. 
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THE MECHANISM OF THE MYOGENIC RHYTHM OF 
CERTAIN INSECT STRIATED MUSCLES 
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The twitch of striated muscle is normally initiated by the arrival of an impulse 
in the motor nerve. Excitation is transmitted across the neuromuscular 
junction, and its arrival in the muscle fibre can be recognized by the appearance 
of a transient depolarization of the surface membrane in the region of the 
nerve ending (the end-plate potential). In vertebrate striated muscle this 
depolarization is then propagated over the surface of the muscle fibre, but in 
insects and Crustacea summation of the local potentials at a large number of 
nerve endings is often responsible for the observed electrical spike (Roeder & 
Weiant, 1950), though propagated muscle action potentials have been observed 
(Fatt & Katz, 1953; Wilson, 1954). A twitch occurs for each propagated 
impulse in the muscle fibre (vertebrate) with tetanic fusion if the frequency 
is sufficiently high, and a contraction of some sort follows the end-plate 
potential when there is no propagation. 

In the indirect wing muscles of Diptera and Hymenoptera (Pringle, 1949; 
Roeder, 1951) this sequence of events does not appear to occur. During the 
rapid rhythmic contraction of these muscles in the flight of the insect, the 
electromyogram shows a series of spikes at low frequency (about 3/sec for 
a wing-beat frequency of 120/sec in Calliphora) and little or no electrical 
activity synchronous with the contractions. To explain this observation the 
suggestion was put forward (Pringle, 1949) that the large potentials represent 
the normal surface depolarizations following the arrival of motor nerve 
impulses, but that contraction of the muscle fibres requires also the stimulus 
of stretch, which is produced by the contraction of the antagonist. This 
hypothesis, in terms of which it is possible to explain many of the results 
obtained by other workers on the variations of wing-beat frequency under 
different conditions (Chadwick, 1953), was supported by Roeder (1951), who 
made the further suggestion that the first contraction in a period of activity 
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might be a normal twitch superimposed on the resting tension in the muscles 
due to the elasticity of the thoracic box. 

Further elucidation of the nature of the novel excitatory mechanism of the 
indirect wing muscles of insects has been rendered difficult by the fact (con- 
firmed by all workers on this subject) that they become completely inactive 
after any operative procedure which destroys the integrity of the thorax. It 
was partly on the basis of this observation that Roeder suggested that the 
resting tension might be important, since this would be affected by operations 
on the exoskeleton. Unfortunately it is not possible to expose to view either 
the muscles or their motor nerves without producing this disturbance of their 
functioning, and the usual types of physiological experiment cannot therefore 
be made with this preparation. 


Fig. 1. P. capitata 3 (natural size) showing the position of the tymbals. 


In an effort to find another striated muscle showing similar rhythmic 
properties the sound-producing organs of cicadas were investigated, and the 
main muscle of this organ, known as the tymbal muscle, was found to be 
behaving in a similar manner (Pringle, 1953). The skeletal attachments of 
this muscle are such that it can be functionally isolated from the rest of the 
insect body together with a considerable length of its motor nerve, rendering 
possible a series of experiments designed to show its mode of operation. 

Cicadas produce their sound by means of a pair of convex drums or tymbals 
situated on the dorso-lateral surface of what appears to be the first abdominal 
segment (Fig. 1) and covered by a fold of the exoskeleton. The mechanism, 
which is described in full elsewhere (Pringle, 1954), is here summarized in 
essentials. 

The motive power for the movement of the tymbals is provided by a pair 
of large muscles (the tymbal muscles) which are inserted basally on a median 
ventral skeletal ridge and distally on a free circular disc from the centre of 
which a short apodeme runs to one corner of the tymbal (Fig. 2). The sound 
consists of a series of damped pulses produced by the ‘ring’ of the tymbal at 
its natural period of vibration when it clicks suddenly into either of its two 
positions on contraction or relaxation of the tymbal muscle. The mechanism 
has been compared to that of the lid of a tin can. The curvature of the tymbal, 
and therefore the critical tension on the apodeme of the tymbal muscle 
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required to produce its change of shape, is increased by tonic contraction of 
an accessory muscle, the tensor muscle; the volume and to some extent the 
frequency of the emitted sound are thereby altered. The volume of sound 
depends largely, however, on the degree of resonance of the large air sacs 
which fill the metathorax and abdomen, and which closely envelop the tymbal 
muscle and are adpressed to the inner surface of the tymbal. 


Corrugated membrane tymbal cover 


Fig. 2. Semi-diagrammatic view of the tymbals and associated musculature of P. capitata; 
anterior aspect of a transverse slab, viewed slightly obliquely. 


MATERIAL AND METHODS 


Two species of cicada have been used in this investigation, Platypleura capitata (Oliv.) and 
P. octoguttata (Fabr.). They differ little in size or structure, but certain physiological differences 
make one or the other species more suitable for particular experiments. The males (which sex 
alone possesses the organs of sound production) are about 3 cm long (excluding wings). The insects 
were caught in the field and kept in cages in the laboratory. They do not live long and seem to 
require a constant food supply; in any form of captivity they fly wildly and damage themselves 
against the walls of the cage. All experiments were therefore made on specimens captured not 
more than 48 hr previously. 

Three types of preparation have been used. 

Preparation A. The whole of the exoskeletal ring supporting the tymbals and their muscles is 
dissected free from the rest of the insect (Fig. 2). The nerves to the tymbal muscles are usually 
torn by this dissection, and stimuli were therefore applied direct to the muscle. As has been 
stressed by Chadwick (1953), however, such stimuli are also to be regarded as indirect, since 
freshly-prepared insect muscles, even when deprived of their motor nerves, still carry the fine 
feltwork of interfibral branches and endings. The existence of a precise threshold of excitation 
also showed that it was the nerve fibre which was being stimulated. 

Preparation B. The insect is bisected by a vertical cut with a safety-razor blade passing just 
to one side of the mid-line, so that the ganglion and other median structures are left intact 
(Fig. 3). The tymbal nerve can then be followed throughout its length. This dissection slightly 
distorts the skeletal ring supporting the tymbal muscle, but does not impair its functioning. 

Preparation C. In a fresh insect with wings and legs removed the bundle of nerves leaving 
the ganglion in the mid-ventral line is cut behind the ganglion with a fine pair of scissors, the 
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points of which are inserted just behind the second pair of legs; this isolates the tymbal, tensor 
and abdominal muscles. One tymbal is destroyed and electrodes are then inserted into the 
thorax laterally on the side of the intact tymbal in order to stimulate the tymbal nerve. This 
preparation has the advantage that there is a minimum of disturbance of the musculature and 
exoskeleton; the air sacs are also intact, so that the volume of sound emitted is greater than in 
the other two preparations. The functional tymbal muscle may be exposed if desired through the 
tympanum after removal of the ventral operculum and a second pair of electrodes inserted in it 
for direct stimulation or for recording the muscle potentials. 
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Fig. 3. Semi-diagrammatic view of the right tymbal and associated musculature of P. capitata, 
as seen from within in a specimen bisected by a vertical cut passing just to the left of the 
mid-line. The tymbal muscle is drawn as if transparent to show the underlying structures. 


All these preparations survive very well, probably due to the fact that the tymbal muscle is 
completely invested by the tracheal air sac; it therefore does not dry up and is provided with its 
full oxygen supply. Without further precautions many of the preparations were still functioning 
normally after 4 hr of intermittent stimulation. When necessary the nerves were moistened with 
insect Ringer’s solution made up to the formula of Pringle (1938) but without glucose. All 
experiments were done at the temperature of the laboratory (about 30° C). 

The following apparatus was used: 

Ritchie-Sneath stimulator, or laboratory-built electronic stimulator, both delivering pulses of 
controllable frequency, intensity and duration. 

Grass P4 pre-amplifier (condenser coupled) or d.c. cathode follower (Nastuk & Hodgkin, 1950), 
with the built-in d.c. amplifiers of the Cossor Type 1049 oscilloscope. 

M.8.8. Type PMR/1 magnetic tape recorder with Grampion electromagnetic microphone, the 
high impedance output terminal of the audio amplifiers being connected direct to the oscilloscope 
for immediate photographic recording. These amplifiers have a flat characteristic from 60 to 
10,000 c/s. 

Laboratory-built mechanical transducer converting the movements of a light, spring-loaded 
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Photomicrographs from Platypleura octoguttata. 

A. Transverse section of the tymbal muscle. The spaces between muscle fibres are filled by 
tracheae. Scale 1 mm. 

B. Longitudinal section of the tymbal muscle at the attachment to the circular disk, showing 
the fibre cell membrane overlying the hypodermal cell layer. Scale 20,. 

C. Longitudinal section of a single muscle fibre from the tymbal muscle, showing the direc‘ 
insertion of myofibrils in the exoskeleton of the circular disk. Scale 10,. 
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lever into a variable audiofrequency, with an analyser delivering a potential proportional to the 
audio-frequency for connexion to the oscilloscope. The overall characteristic of this apparatus is 
essentially linear over the range of movements used. 


RESULTS 

Histology 
Each tymbal muscle is innervated by a single nerve fibre, 15 in diameter, 
which leaves the auditory nerve trunk near the ganglion and runs, in company 
with a smaller fibre which is not concerned in sound production, dorsad in the 
mid-line between the two air sacs. Turning caudad near the dorsal surface of 
the metathorax it runs round the distal end of the tymbal muscle and 
disappears between the fibres of this muscle on its posterior surface. Its finer 
branchings can sometimes be seen in sections of the tymbal muscle; there is 
no sign of a double innervation. 

The-fibres of the tymbal muscle extend throughout its length and are from 
4-5 to 55mm long in both species used. Each muscle contains about 
1450 fibres, polygonal in section and with a mean cross-sectional area of 
2x 10-* mm*. In the distinctness of their myofibrils and in the arrangement 
of the nuclei (Pl. 1) the fibres resemble those of the indirect wing muscles 
(fibrillar) more than those of the leg and abdominal musculature of insects; 
they also have a high density of large sarcosomes (Watanabe & Williams, 1951). 
Electron micrographs of teased myofibrils show the bandings typical of insect 
fibrillar muscle; the sarcomere length is 2-6, which compares with a figure 
of 2-5 for the indirect wing muscles of the worker bee (Morison, 1928) and 
2-47 w for the sartorius muscle of the frog at resting length (Sandow, 1936). 
There is a very well-developed tracheal network between the muscle fibres. 

A feature which now appears to be significant in the structural organization 
of these insect fibrillar muscles is that the myofibrils within the fibre make 
direct connexion at both ends with the exoskeleton through a greatly reduced 
hypodermal layer (Pl. 1). There is thus little or no series elastic component 
(Hill, 1951a) and mechanical events are transmitted direct from contractile 
substance to skeleton without necessarily affecting the sarcolemma. This 
arrangement contrasts with that found in vertebrate striated muscle, where it 
is the sarcolemma sheath which continues into the tendon. 


Physiology 

The contractions of the tymbal muscle, producing movement of the tymbal 
from its normal position (OUT) to its other position (IN), are conveniently 
recorded by placing a microphone near the preparation and photographing 
the oscilloscope tracing of the emitted sound, the separate pulses produced by 
the two movements being easily separable on fast records (Fig. 4). This 
method has been used exclusively for recording normal muscular activity, 
PH. CXXIV. 18 
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since any additional inertia i. a direct recording system affects the muscular 
performance. The cut-off of the audio amplifiers at 10,000 c/s produces some 
distortion of the beginning of the sound pulse (whose fundamental frequency 
is 4400-4700/sec in P. capitata and 5400—-7000/sec in P. octoguttata) (Fig. 5), 
and the apparent build-up of the sound wave-form in Fig. 4 is partly an 
artifact, but since successive pulses are recorded with the same distortion time 
intervals can be measured accurately. 


(6) 


Fig. 4. Sound emitted during a single IN-OUT pulse; preparation C with direct stimulation of 
the tymbal muscle through the tympanum. a, P. capitata; b, P. octoguttata. Time marker, 
1 msec. 


(a) (b) | (c) 


Fig. 5. Distortion of a damped 5000 c/s pulse by M.S.S. magnetic tape recorder. a, undistorted 
pulse; 6, distortion by amplifiers; c, distortion of recorded and replayed record. 


Stimulation of the motor nerve fibre 

Platypleura capitata 

Low frequency shocks applied to the tymbal muscle or to its motor nerve 
produce a response as shown in Fig. 6a. Each stimulus evokes four con- 
tractions of the muscle. The latent period between the stimulus and the first 
IN click of the tymbal is 7-5 msec, part of which is no doubt neuromuscular 
delay and conduction time in the intramuscular portion of the nerve. At 
a higher frequency of stimulation the number of contractions per stimulus 
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increases (Fig. 65) until at about 50 stimuli/sec the muscle is in continuous 
rhythmic activity with only slight frequency modulation in time with the 
stimuli (Fig. 6c). Finally at about 100 stimuli/sec the muscular rhythm is 
exactly regular at 350 pulses/sec (Fig. 6d). This pattern resembles that of the 


normal free song (Fig. 6¢), in which the pulse frequency (in the insect from 
which the record was made) is 390 pulses/sec. 


Fig. 6. P. capitata; preparation A. Response of the tymbal muscle to stimulation at various 
frequencies. a, 9-5/sec; 6, 22-5/sec; c, 47/sec; d, 97/sec; e, P. capitata free song, from a 
magnetic tape recording. Time, 50 c/s. 


Platypleura octoguttata 

A similar result is obtained with this species (Fig. 7) but single stimuli 
produce a more rapid rhythmic activity in the muscle, the number of con- 
tractions per stimulus being, normally, 8 or 9 (Fig. 7a, d). Stimulation at 
about 50/sec produces a nearly steady muscular rhythm (Fig. 7c) and stimula- 
tion at 200/sec a regular succession of 360 contractions/sec. The muscle 
contraction frequency in the free song of this species is either 220/sec or 
240/sec; the song has a definite pattern produced by periodic contractions 
of the tensor muscle (Pringle, 1954). The intensity of sound emitted at the IN | 
and OUT clicks is much more nearly equal than in P. capttata ae b). 
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After-effects of stimulation 
At the end of a period of stimulation at high frequency the rhythm of 
muscular activity dies away gradually (Fig. 8) and has usually stopped within 
0-1 sec of the last stimulus. A similar effect was noticed with the indirect wing 
muscles of Diptera (Pringle, 1949; owing to a printer’s error Pl. 1d of that 
paper failed to show the phenomenon). 


Fig. 7. P. octoguttaia; preparation C. Direct stimulation of the tymbal muscle through the 
tympanum. a, 9-5/sec; b, 22-5/sec; c, 47/sec; d, response to a single stimulus on a faster time 
scale. Time, 50 c/s. 

Prolonged stimulation at high frequency induces fatigue, which manifests 
itself as a reduction in frequency of the muscular rhythm (Fig. 9a). With 
such a fatigued preparation single shocks may fail to evoke any response from 
the muscle, or there may be only one or two contractions per stimulus with 
a longer latent period (Fig. 96). A facilitation effect now appears, a certain 
minimum frequency of stimulation being necessary to produce a contraction, 
and the number of contractions per stimulus increasing as stimulation is 
continued. The facilitation lasts longer than the muscular activity. If a single 


or a few low frequency stimuli are given shortly after a period of high fre- 


quency stimulation the response is always a greater number of contractions 
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than normal (Fig. 9c). Note that the response to the second stimulus contains 
more contractions than that to the first, and that the build-up of rhythmic 
activity is much faster than it was when the stimuli were not preceded by 
high frequency activity (Fig. 9b). The facilitation declines slowly and is still 
detectable after 15 sec. 


Fig. 8. P. octoguitata; preparation C. Direct stimulation of the tymbal muscle through the 
tympanum. Gradual decline in muscular rhythm after stimuli have ceased. Stimulus 
frequency, 47/sec. Time, 50 o/s. 


(a) 
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Fig. 9. P. capitata; preparation A. a, decline in frequency of rhythmic activity in the tymbal 
muscle during stimulation at 192/sec. (Note the very short after-activity.) 6, fatigued — 
preparation ; failure to respond to stimulation at 9-5/sec and reduced response at 23-5/sec. 
(The mark at the third stimulus is an artifact.) c, fatigued preparation; enhanced response 
to two stimuli given 0:5 sec after the end of a period of stimulation at 300/sec, Time, 50 c/s. 


A similar failure of the first stimulus to elicit a click of the tymbal is some- 
times found in fresh preparations made by method B (Fig. 10a, 6) in which 
bisection of the insect has destroyed the integrity of the skeletal ring sup- 
porting the tymbal muscle; here again an apparent facilitation is present. But 
for reasons given later this is not regarded as the same effect. 
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If a fresh preparation is stimulated for some time at high frequency, 
a different phenomenon sometimes occurs. The rhythm of muscular activity 
continues for some time at a high rate and then suddenly ceases with the 
tymbal locked in its IN position (Figs. 10c, 1). Only when excitation has 
stopped does it click back to its OUT position, emitting a single sound pulse. 
This phenomenon also will be discussed later. 


Fig. 10. P. capitata. First trace: electrical record from the tymbal muscle. Second trace: sound 
record of contractions of the tymbal muscle. Third trace: upward deflexion marks the 
beginning of stimulation. Fourth trace: 50 c/s. The nerve was excited by increasing the 
intensity of the stimulus ten times; stimulus escape on the top trace shows the individual 
stimuli. a, 22 stimuli/seo; 6, 46 stimuli/sec; c, 200 stimuli/sec. 


Electrical activity in the tymbal muscle 

The experiments described in this and the two following sections were 
made with P. capitata. 

Using preparation B, simultaneous records were made of the electrical 
activity in the tymbal muscle and the movements of the tymbal (recorded 
with the microphone) when stimuli were applied to the tymbal nerve at 
a distance of about 5mm from the point where it enters the muscle. The 
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records of Figs. 10 and 11 were obtained with small Ag/AgCl capillary 
electrodes 0-1 mm in diameter at the tip and filled with insect Ringer, direct- 
coupled through a cathode follower to the d.c. amplifiers of the oscilloscope. 
One electrode tip was inserted between the fibres of the tymbal muscle 2 mm 
from its base, the other being at a distance on the dorsal part of the abdomen. 
50 psec stimuli were applied to the nerve through fine platinum wire electrodes. 


Fig. 11. P. capitata, Electrical and sound records from the tymbal muscle; traces as in Fig. 10. 
Beginning and end of stimulation at 190/sec. The tymbal locks IN before the end of stimula- 
tion and clicks OUT shortly after stimulation stops. 


Fig. 10a shows the effect of low frequency stimulation. The first three 
stimuli fail to produce a click of the tymbal and then the number of clicks 
increases to three after the seventh stimulus. The muscle potential, however, 
is maximal from the start showing that neuromuscular facilitation is not 
responsible for the increase: there is, in fact, a slight decline in the amplitude 
of the potentials during the first four stimuli. Fig. 10) shows the beginning 
of stimulation at 46/sec on a faster time scale; the muscle comes into rhythmic 
activity after the third impulse at a frequency which reached 165/sec after 
0-5 sec of stimulation. In both these records the clicks of the tymbal IN and 
OUT produce a small deflexion on the electrical trace due to cross-modulation 
on the double beam cathode-ray tube, and there is an even smaller rhythmic 
potential fluctuation at the frequency of movement of the tymbal, com 
parable to the small potential change at wing-beat frequency found by Pringle 
(1949) in the indirect wing muscles of Diptera, and probably due to movement 
of the tissue under the electrodes. 

At higher frequencies of stimulation the muscle potentials show appreciable 
summation (Figs. 10c, 11). In both these experiments the tymbal failed to 
click OUT after a short period of high frequency rhythmic activity and 
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returned to its resting position only after excitation ceased. In Fig. 10c 
excitation evidently became irregular and then ceased altogether, due to nerve 
refractoriness or neuromuscular block; in Fig. 11 the muscle potentials are 
normal up to the end of stimulation, but the rhythmic activity stopped 
shortly after the beginning of the second portion of the record, with the 
tymbal locked IN. The mark on the sound trace of Fig. 11 just after the end of 
stimulation is an artifact due to the noise from the switch on the stimulator; 
there is no movement of the tymbal until it clicks OUT again, giving the 
typical damped sound pulse. 


Fig. 12. P. capitata, Contraction of the isolated tymbal muscle. a, 2 stimuli/sec; }, single 
stimuli; c, 22 stimuli/sec; d, 46 stimuli/sec; ¢, 100 stimuli/sec. Records b-e are at a lower 
magnification than record a. Time marker 0-1 sec. 


Contraction of the isolated tymbal muscle 
The tymbal muscle, detached distally from the tymbal and connected to 
a light, spring-loaded lever by a short (3 mm) length of cotton thread tied to 
its apodeme, behaves in a very different way from the intact preparation. Low 
frequency stimuli now evoke a normal twitch (Fig. 12a). The rising phase of 
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the contraction lasts 10 msec and relaxation is complete in about 0-15 sec. 
With higher frequencies of stimulation there is mechanical summation and 
finally a smooth tetanus at 100 stimuli/sec. With the lever used in this 
experiment the extent of shortening in a tetanus was 0-5 mm (10% of the 


resting length) and the maximum tension was 10 g. The lever had a natural 
period of 6 msec. 


| Movement of the tymbal 

The mechanical properties of the tymbal were measured with its muscle 
detached. The tension on the apodeme immediately after the IN click was, in 
one insect, 18 g, and when it had just clicked OUT again 0-5 g. The range of 
movement on the apodeme was 70. (same measurement in two determinations 
on different insects). The tension was measured by tying a fine wire to the 
apodeme, after removing the muscle and its circular attachment disk, and 
pulling it vertically with a spring whose extension under load could be 
calibrated. The movement on the apodeme was measured by waxing the tip 
of a fine glass tube to the cleaned circular disk and moving the tube slowly 
with a micromanipulator until the tymbal clicked. Considerable dissection 
from the inside of the tymbal is necessary in order to perform these operations 
and it is possible that the exoskeleton was slightly distorted, thereby changing 
the critical tension for the IN and OUT clicks, but the figures are certainly 
within the range in which the system functions normally. As has been stated, 
the curvature of the tymbal is variable in life by means of the tensor muscle. 
Attempts were made to change the critical tension by stimulation of this 
muscle, but after the amount of dissection necessary in order to attach the 
wire to the apodeme it fatigued too rapidly to allow accurate measurements to 
be made. 

Both the IN and OUT movements of the tymbal as observed under the 
microscope are sudden clicks. As tension is slowly increased the whole of the 
exoskeleton round the tymbal comes under strain, and when the tymbal 
reaches ‘top dead centre’ this strain is partially removed by the IN click 
movement. The actual displacement of the apodeme at the click is small and 
the energy derives directly from the elasticity of the exoskeleton. As tension 
is slowly decreased a similar sequence of events occurs in reverse. The top 
dead centre position of the tymbal is nearer to the OUT position than to the 
IN, and the final OUT click is accompanied by a short but powerful movement 
of the strained tymbal rim. 

DISCUSSION 
The rhythmic mechanism 
It is clear, first of all, that the rhythmic properties of this effector system do 
not reside exclusively in the tymbal muscle, since when it is removed from the 
tymbal and connected to a lever its response to a single stimulus is a single 
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twitch as in normal striated muscle. As recorded in Fig. 12 the contractions 
are comparable to those of a frog sartorius muscle under the same conditions 
and are not very rapid for an insect muscle. Roeder has obtained an isometric 
mechanogram from the tergal remotor muscle of Periplaneta (published by 
Chadwick, 1953) showing a rising phase of the contraction twice as rapid as 
that of Fig. 12 and a falling phase many times as fast. Under the more 


nearly isometric conditions in which the tymbal muscle functions in the intact: 


insect, it probably performs at a higher rate of development and disappearance 
of tension, but even so the high frequency of rhythmic activity suggests that 
the movement of the tymbal does not result from a normal twitch. There is 
also the evidence from the electromyogram (Figs. 10, 11) which shows that the 
clicks bear no simple relationship to the muscle potentials. 

A hypothesis which covers all the observations is that the development of 
tension in the tymbal muscle follows its excitation in the normal manner, but 
that the sudden release of tension caused by the IN click destroys the activa- 
tion of the myofibrils so that the muscle is pulled out again to its initial 
length by the elasticity of the exoskeleton. At a certain point in this move- 
ment the tymbal clicks OUT again, restoring the system to its initial state. 
Provided that the muscle is still in the active state, the myofibrils then 
re-develop tension until the critical value is again reached, when the cycle 
repeats itself. On this interpretation the interval between the IN and OUT 
clicks is a measure of the time taken for the myofibrils to be re-extended after 
a quick-release, and the interval between successive IN clicks is a measure of 
the rate of redevelopment of tension. In a fresh preparation the arrival of 
a single nerve impulse evidently maintains the muscle in the active state 
sufficiently long for several clicks to occur. 

Hill (1949) has shown that in normal striated muscle the transition from 
the inactive to the active state following excitation is very rapid—much more 
rapid than is indicated by the curve of tension in a twitch, the beginning of 
which is slowed by the presence of a series elastic component; but if allowance 
is made for the effect of this component the isometric mechanogram normally 
shows the time course of decay of this active state. In the tymbal muscle the 
tension drops rapidly, nearly to zero, after each quick-release but then 
redevelops if nerve impulses are arriving, and the rate of redevelopment of 
tension may be taken as an indication of the intensity of the active state. 
Fig. 13 shows a plot of the reciprocal of the intervals between IN clicks made 
for the tymbal muscle response to a single stimulus shown in Fig. 7d. The 
curve is similar in shape to that of the intensity of the active state of the frog 
sartorius muscle derived by Hill (1949), but is much faster. Hill’s experiments 
were made at 0° C while the experiment of Fig. 7d was performed at 30° C; 
the decay of activity is known to have a high temperature coefficient (Hill, 
19516). 
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It is now possible to interpret the results of Fig. 10, made with preparation B, 
in which, even in a fresh specimen, the first few stimuli failed to elicit clicks of 
the tymbal, though excitation was reaching the muscle. As already pointed 
out, this dissection breaks the continuity of the skeletal ring supporting the 
tymbal muscle and probably alters the elastic properties of the exoskeleton 
in that region. In Fig. 10a the stimulus frequency was 22/sec, and Fig. 12c 
shows that at this frequency summation is just apparent. It is evidently only 
at the fourth stimulus that the muscle has shortened enough to strain the 
skeleton to the point where tension has built up to the critical level for the 
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Fig. 13. P. octoguttata. Time course of the active state of the muscle fibres after a single excitation. 
Lower plot: reciprocals of the intervals between IN clicks. Upper plot: reciprocals of the 
OUT-IN intervals. Each measurement is referred to the instant of time mid-way between 
IN clicks, 


tymbal to click; even so, the necessary level of tension is only developed for 
sufficiently long for one IN-OUT click to occur. By the time the effect of the 
quick-release is over the active state has decayed too far to allow tension to 
build up again to the critical value. At the fifth stimulus summation has pro- 
ceeded further and there is time for two clicks; after the seventh there is time 
for three. In Fig. 106 the stimulus frequency is 46/sec; Fig. 12d shows that 
at this frequency summation is more rapid. In Fig. 106 a single IN-OUT 
click follows the second stimulus and the third stimulus elicits four; by the 
fifth stimulus summation is sufficient to maintain the myogenic rhythm and 
the relationship between stimuli and contractions is lost. 
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At this stage in the discussion it is necessary to deal with one possible 
criticism of the hypothesis. In discussion of the earlier results with the 
indirect wing muscle it was pointed out to the author by Prof. Katz that the 
absence of correlation between the potentials of the electromyogram and the 
contractions of the muscle might not be as significant as had been supposed, 
since the method of electrical recording with extracellular electrodes might not 
show a change of polarization occurring simultaneously all over the surface of 
the muscle fibres. The excitation by stretch which was then postulated, or 
the deactivation by release which is now thought to be the mechanism of 
rhythmic activity, might therefore be occurring by virtue of the influence of 
the mechanical event on the surface membrane of the muscle fibre. It. has not 
been possible to record the membrane potentials of the tymbal muscle with 
intracellular electrodes and thus directly to refute this criticism. The experi- 
ment has, however, been made with the indirect wing muscles (Boettiger & 
McCann, 1953). These authors, in a brief note, give figures for the resting and 
action potentials of the fibres of the indirect wing muscles and comment on 
the presence of overshoot of the action potential and on the unusually long 
negative after-potential. They make no mention of any potential changes at 
wing-beat frequency, which must have been strikingly obvious if contraction 
and relaxation are accompanied by potential changes in the membrane. It 
is also noteworthy that at no time in many experiments with either the 
indirect wing muscles or with the tymbal muscle have any large potential 
changes been detected synchronous with the rhythm of mechanical activity. 
In some cases the fibres of the tymbal muscle were purposely damaged at the 
location of the intercellular electrode, a procedure which should destroy the 
symmetry of the electrode arrangement and reveal all changes of surface 
polarization occurring in intact regions of the fibre. The only electrical changes 


recorded corresponding to mechanical activity have been of such small magni- — 


tude that they can be accounted for in terms of movement of the tissue under 
the electrodes, 

It is therefore concluded that the influence of the quick-release on the state 
of the muscle is a direct effect on the myofibrillar contractile mechanism 
and not an effect transmitted to the myofibrils through changes in the 
surface membrane. The histology of these fibrillar muscles supports the 
conclusion, for, as shown in Pl. 1, the myofibrils make a very direct con- 
nexion with the exoskeleton, whereas the sarcolemma is tenuous and attaches 
to the hypodermal cell layer at an acute angle. In some insect wing muscles, 
particularly those of Hymenoptera, the sarcolemma appears to have a reticular 
structure and not even to be a continuous membrane (Morison, 1928); the 
whole evolutionary tendency in these fibrillar muscles seems to be to emphasize 
the independence of the myofibrils, which in themselves contain the whole 
mechanism of the rhythmic activity. 
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This being so, it is necessary to make a distinction which is not apparent in 
normal striated muscle between the intensity of the active state of the fibre 
as a whole and the state of activity of the contractile mechanism, which, 
following Buchthal (1951), will be referred to as the activation. A quick- 
release deactivates the contractile mechanism but does not destroy the active 
state of the muscle, since activation redevelops once the influence of the quick- 
release is over. Deactivation is a process occurring in the myofibrils which is 
prevented from affecting the electromyogram by some irreversible step in the 
link between excitation and activation. 

The disappearance of tension in an excited muscle on sudden release is — 
a phenomenon which has been known for some time. It was first adequately 
described by Gasser & Hill (1924) in the sartorius muscle of the frog, and has 
since then been studied by Hill on a number of occasions, most recently in 
1953. Rarely, however, has the experiment been made of pulling the muscle 
out again to its resting length immediately after the release. Gasser & Hill 
give the result of one such experiment (their fig. 10, record 2) which appears to 
show that the isometric tension at the stretched length is immediately 
restored by the re-stretch. These investigators purposely reduced the speed 
of re-stretch ‘so that the tension attained on stretching would be maintained’. 
They had previously observed that a quick stretch not preceded by a release 
produced an overshoot above the isometric tension for the stretched length. 
It is not clear whether this phenomenon was actually observed when the 
stretch followed closely on the quick-release or whether they merely assumed 
that it would occur and wished to avoid it. Their record as published has 
a close time-scale and it is difficult to measure the interval between the quick- 
release and the full restoration of length, but it appears to be about 10 msec. 
If the sartorius muscle shows the same effect as has been described in the 
cicada tymbal muscle, it might be that it would not have been observed in 
Gasser & Hill’s experiment, because activation would be fully restored by the 
time the stretch was complete. 

Hill (1953) again applied quick-releases to a stimulated frog sartorius 
muscle in order to measure the ‘instantaneous heat’ liberated on the dis- 
appearance of tension. He records a suggestion by D. R. Wilkie that a quick- 
release followed at once by a quick stretch should be tried, but the experiment 
was not performed. Hill clearly anticipated that the result would be a re- 
absorption of the ‘instantaneous heat’, which would imply that activation 
had not been destroyed by the release. It cannot therefore be decided at 
present whether the cicada effect is a general property of striated muscles, or 
is a specialization associated with the peculiar mechanical system to which 
the tymbal muscle is coupled. 
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Re-interpretation of the results with indirect wing muscles 

It can, however, be concluded with some confidence that the mechanism 
found in the cicada tymbal muscle is at work in the indirect wing muscles of 
higher insects, and with the clearer picture which is now available it is 
necessary to re-interpret the results obtained by Pringle (1949) and Roeder 
(1951). The hypothesis then advanced was that stretch of the muscle by its 
antagonist was the adequate stimulus for contraction, provided that the 
muscle was in an excited condition due to the arrival of motor nerve impulses. 
For this ‘excitation by stretch’ must now be substituted ‘deactivation by 
release’. As an explanation of the myogenic nature of the rhythm of activity, 
either hypothesis is equally adequate, but the new concept has important 
implications. 

Comparison of the IN click of the cicada tymbal with the wing-beat of 
a fly reveals an apparent large difference in the time scale. The time occupied 
by the release in the tymbal muscle can be estimated as 0-05 msec (see next 
section). In Calliphora with a wing-beat frequency of 120/sec the duration of 
the stroke is of the order of 4 msec. It seems at first sight that the explanation 
advanced for the rhythmic mechanism in the tymbal system can hardly apply 
to the wings. Boettiger & Furshpan (1952) have shown, however, that in the 
higher Diptera there is by no means a linear relationship between the move- 
ments of the thorax and the movements of the wings. They describe a ‘click’ 
mechanism in the wing articulation by which energy stored in the elasticity 
of parts of the exoskeleton during the almost isometric contraction of the 
indirect wing muscles is released suddenly and dissipated in wing movement; 
the articulation is such, moreover, that this is achieved in both directions of 
stroke. Such a mechanism must produce a much more rapid drop in tension 
in the muscles than the straightforward lever system figured in most text- 
books, and with it the activation and deactivation cycle suggested for the 
tymbal muscle can be applied to the indirect wing muscles. 

It will be interesting to see if a similar type of articulation is always 
associated with the myogenic rhythmic type of flight motor, which also occurs 
in Hymenoptera (Roeder, 1951) and in some Coleoptera (Roeder, personal 
communication). If so, it will be necessary to revise completely current 
views about the factors determining wing-beat frequency (Chadwick, 1953). 
Theoretical treatment of the wings and their articulations as a mechanically 
resonant system (Sotavalta, 1952) becomes misleading; attention must be 
focused separately on the factors affecting the rates of development and 
disappearance of tension in the indirect wing muscles. The development of 
tension is presumably affected by such factors as the frequency of motor 
nerve impulses, temperature, availability of metabolites, etc., while the rate 
of disappearance should be controlled largely by mechanical factors such as 
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the inertia and loading of the wings and the form of the articulation (adjusted 
pethaps by the direct wing muscles). All these factors are known to affect 
wing-beat frequency, but experiments must in future aim at an analysis of 
their influence on the separate phases of the cycle of activation and de- 
activation, rather than merely on the wing-beat frequency as a composite 
whole. 

The nature of deactivation by release 

The alteration in the properties of the myofibrils when the tension in them 
is released by the IN click of the tymbal has been termed deactivation. Since 
the effect is a hitherto undescribed property of a striated muscle, probably 
occurs also in the indirect wing muscles and is not excluded as a property 
of all striated muscle, it is worth examining carefully all the evidence which 
can be obtained from these experiments about its behaviour under various 
conditions. 

The observed phenomenon is that the sudden release of the muscle while it 
is developing a tension greater than 18 g produces in it a change of state so 
that 1-2 msec later it is pulled out again to its initial length and the tension 
has fallen to 0-5 g; and that tension is then redeveloped without any further 
excitation from the motor nerve. The extent of muscular movement is 70 
in fibres 5 mm long—a shortening of 1-5%. : 

The actual click of the tymbal is very rapid. Since it produces a powerful 
ring in a structure which is mechanically resonant at about 5000 c/s the move- 
ment must be fast compared to a single cycle of this oscillation and a figure 
of 0-05 msec for its duration is probably a maximum value. Further indication 
of the high speed of tymbal movement is provided by the sound wave-form 
from Platyplewra octoguitata (Fig. 4b) where the onset of the IN click shows 
a build-up nearly as rapid as can be expected from the characteristics of the 
recording system and where the transition from the IN to OUT sounds occurs 
apparently instantaneously. 

The tymbal movement during the click, however, does not result entirely 
from shortening of the tymbal muscle, but partly from the elastic recoil of 
the exoskeleton which has been strained during the portion of the cycle 
during which the tymbal is moving from OUT to top dead centre. The figure 
of 18 g is the tension in the apodeme immediately after the IN click; at top 
dead centre it must be slightly greater than this, but a measurement could not 
be made with the available apparatus. At the moment of the IN click there 
must be a slight shortening of the muscle due to the partial removal of strain. 
Measurements of the stress and strain changes at the IN click would be 
valuable since they should give a direct estimate of the elastic modulus of the 
active contractile tissue, an estimate which cannot be obtained from vertebrate 
muscle owing to the presence of a series elastic component (Hill, 195%). In 
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the tymbal system the measurements could be made at the actual point of 
insertion of the myofibrils. 


The delay before the OUT click may occur for one of two reasons. Either — 


the release does not produce instantaneous deactivation and there is a gradual 
transition to the deactivated state with a progressive fall in tension from 
18 g to 0-5 g, or deactivation is virtually instantaneous and the delay is due 
to the ‘viscosity’ of the deactivated muscle as it is extended under the elastic 
load of the strained exoskeleton. No way has been found of deciding between 
these two possibilities. The velocity of muscular extension between the IN 
and OUT clicks in P, capitata is about 1% of the fibre length per msec, which 
is a comparable speed of elongation to that found in relaxed vertebrate 
muscle. Buchthal (1951) has a figure showing a velocity of about 0-2% per 
msec under a load of 0-11. times the isometric tension. In the tymbal move- 
ment the elastic restoring load must be considerable since the OUT click 
contributes at least half of the sound energy output. The IN-OUT delay 
could therefore be explained in terms of instantaneous deactivation, but more 
experimental data are needed. 
The IN-OUT interval is normally 1-4—1-7 msec in P, capitata and 1-0—1-2 msec 
in P, octoguttata; it changes very little in a particular insect either with the 
level of excitation or with fatigue. In P. octogutiata there is reduction of 
about 5% during the first 30 msec of rhythmic activity, followed by an 
increase to about 5°, above the initial value if excitation continues, but the 
changes are too small to be measured accurately from records made with the 
present apparatus. A larger change is produced by varying the mechanical 
properties of the tymbal, as is shown by the following experiment, In 
P. octoguttata, preparation C, the tymbal muscle was stimulated directly 
through the tympanum at 22 stimuli/sec and pressure was applied with the 
tip of a needle to the point of insertion of the tensor muscle, thereby increasing 
the curvature of the tymbal. The results are shown in Table 1. There was some 


TaBLE 1. Platypleura octoguttata, preparation C. Effect of increasing the curvature of the tymbal 
by pressure on the point of insertion of the tensor muscle. Direct stimulation of the tymbal 


muscle at 22/sec. 

Initial values Pressure applied § Pressure removed 
No. of clicks per stimulus 14-15 10-11 13-14 
IN-OUT interval (msec) 1-13+0-022* 0-91 + 0-031* 1-104 0-015* 


* Standard error of the mean; seven measurements. 


residual facilitation due to a previous high frequency stimulation and the 
number of clicks per stimulus is greater than normal. Pressure with the 
needle reduces the number of clicks per stimulus, showing that the critical 
tension for the IN click was increased; there is also a reduction in the duration 
of the IN-OUT interval. Evidently the increased curvature of the tymbal 
also increases the force tending to restore it to its OUT position after it has 
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clicked IN, and the OUT click occurs sooner. This result suggests again that 
the delay is due to ‘viscous’ resistance to elongation in the deactivated 
myofibrils, but it could be accompanied by a progressive deactivation. 

It has been mentioned already that after high frequency activity of the 
muscle the tymbal sometimes fails to click OUT, and then remains IN for 
the rest of the period of excitation, returning only when excitation ceases 
(Figs. 10c, 11). This represents either a failure of the deactivation mechanism 
or a failure of the elasticity of the exoskeleton to pull the muscle out again to 
its initial length before tension has redeveloped. When it occurs the muscle 
goes into a normal tetanus and there is no possibility of restarting the cycle. 
Unfortunately the sound-trace during high-frequency activity is too confused to 
allow an estimate to be made of the IN-OUT interval immediately prior to 
the IN failure, so that again there is no evidence about the actual speed of 
deactivation. In life, jamming of the rhythmic cycle is probably prevented 
by a simultaneous contraction of the tensor muscle whenever the tymbal 
muscle is strongly excited. | 

The IN failure of the tymbal recalls a similar phenomenon in the haltere 
muscle of Diptera, which is a modified wing muscle and whose myogenic 
rhythm can, like that of the indirect wing muscles, be explained in terms of 
deactivation by release. Pringle (1949) noted that, although this muscle is 
capable of producing high-frequency oscillation of the haltere even when its 
motor nerve is cut, it sometimes responds to electrical stimulation at 10/sec 
by a tetanus. If the quick-release mechanism in the haltere articulation fails 
for any reason to operate, or, if it does operate but does not produce de- 
activation sufficient to allow the muscle to be extended again to its initial 
length, a tetanic contraction is to be expected by analogy with the results 
with the cicada tymbal muscle. It is interesting to note that the haltere 
muscle appears to be inherently slower than the tymbal muscle for at 
10 stimuli/sec the latter, when isolated, still shows discrete twitches. Since 
the indirect wing muscles of Calliphora generate a regular rhythm of activity 
with motor nerve impulses arriving at as low a frequency as 3/sec they may be 
inherently even slower still, although by the deactivation cycle they can move 
the wings 120 times a second. 

Nothing in the present series of experiments eliminates the possibility that 
the re-stretch of the tymbal muscle during the IN-OUT interval or the OUT 
click may affect the reactivation of the myofibrils. Thus it cannot be decided 
whether reactivation starts immediately after the IN click but has not 
developed far enough in the next 1-2 msec to impose any severe restraint on 
the elongation of the myofibrils, or whether it occurs only after the OUT 
click when a small but rapid increase in tension must occur in the apodeme. 
The shape of the curve of Fig. 13 is not greatly altered by plotting the 
reciprocals of the OUT-IN intervals instead of the intervals between IN 
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clicks. Deactivation by release is certainly the most significant feature of the 
cycle of activity in insect fibrillar muscle, but activation by stretch may serve 
to accelerate the rhythm once the first deactivation has occurred. 


SUMMARY 


1. In the song of cicadas the sound is produced by the ‘ring’ of the tymbal 
when it clicks IN or OUT into either of its two positions on contraction or 
relaxation of the tymbal muscle. This muscle is histologically and physio- 
logically similar to the indirect wing muscles of Diptera, but, unlike them, may 
be functionally isolated. together with its single motor nerve fibre. 

2. Single shocks applied to the nerve evoke a series of clicks from the 
tymbal, and above 50 stimuli/sec the muscle goes into rhythmic activity at 
a high frequency which is not proportional to that of the nerve impulses. 

8. The electromyogram shows potentials corresponding to the arrival of 
nerve impulses but little or no electrical changes synchronous with the 
rhythm of mechanical activity. At high frequencies of stimulation the 
potentials summate. 

4. The detached tymbal muscle gives normal twitches little faster than those 
of frog sartorius muscle at the same temperature, with mechanical summation 
and tetanus if the frequency of stimulation is sufficiently high. 

5. The apodeme of the tymbal muscle moves 70 (14% of the length of 
the muscle) during the cycle of activity. With the accessory tensor muscle 
relaxed, the IN click of the tymbal occurs at a tension of about 18g and the 
OUT click at about 0-5 g. 

6. Myogenic rhythmic activity is maintained by deactivation of the myo- 
fibrils by the quick-release at the instant of the IN click, the muscle being 
restored to its initial length in the next 1-2 msec by the elasticity of the exo- 
skeleton and then redeveloping tension at a rate dependent on the intensity 
of the active state of the muscle. A single nerve impulse maintains the active 
state for sufficiently long to allow several clicks to occur. 

7. The myogenic rhythm of the indirect wing muscles of certain higher 
orders of insects derives from a similar mechanism and not from excitation by 
stretch as suggested by Pringle (1949). 

8. Deactivation by release is a new property of a striated muscle and is not 
excluded as a property of all striated muscle. 


I am grateful to Prof. Koch and the staff and assistants in the Department of Physiology, 
Colombo, for the help which they gave me during my stay in Ceylon. The visit was made possible by 
the award of a Leverhulme Research Fellowship and by financial assistance from the H. E. Durham 
Fund of King’s College, Cambridge, and from the British Council. Part of the apparatus used was 
purchased with the aid of the Government Grants Committee of the Royal Society. Prof. A. V. 
Hill kindly read the first draft of the manuscript and made several helpful suggestions, and 
I have had useful discussions with Dr M. G. M. Pryor and Dr K. E. Machin. 
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THE DURATION OF THE ACTIVE STATE IN A 
MUSCLE TWITCH 


By L. MACPHERSON anp D. R. WILKIE 
From the Physiological Laboratory, University College, London 
(Received 29 October 1953) 


In an isometric tetanus the tension takes an appreciable time to reach its 
maximum value because of the presence of the series elastic component. In 
a twitch the initial physical state is the same as it is in a tetanus, but this active 
state is maintained at its full level for only a short time. The peak tension 
reached in the twitch will thus depend on the duration of the active state—the 
longer this duration, the more closely will the twitch tension approach the 
tetanic tension. Many different treatments are known to alter the twitch 
tension without appreciable effect on the tetanic tension (e.g. change in 
temperature, hydrostatic pressure; application of adrenaline, potassium, 
caffeine, etc.; see Goffart & Ritchie, 1952), and it may well be that these 
treatments produce their effect by altering the duration of the active state 
without any other change in the properties of the fully active muscle. 

Measurements of the duration of the fully active state have already been 
made by stretching (Hill, 1949, 1951) or releasing (Hill, 1953) a muscle during 
a twitch, meanwhile recording its tension. In either case the end of the fully 
active state is indicated by a decline in thé tension record ; and by both methods 
this was found to occur about 90 msec after the stimulus (frog sartorius, 0° C). 

The new method to be described here (see also Macpherson & Wilkie, 1953) 
was evolved in order to make measurements of the duration of the active state 
at high hydrostatic pressure, so the apparatus had to fit into a small volume. 
However, the method is of general interest because it has turned out to be 
more sensitive and more flexible than the previous ones. 

The principle of the method is illustrated by Fig. 1, which shows how the 
tension rises in an isometric tetanus (curve A), and in an isometric twitch 
(curve B). During the early part of the twitch the muscle is fully active, so it 
behaves exactly as though it were tetanized. The early part of curve B there- 
fore coincides with curve A; and the point at which the two curves separate 
(about 70 msec after the stimulus) indicates the beginning of the decline of the 
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active state. In experimental practice it is best not to tetanize the muscle but 
prolong the active state by giving a second shock so timed that the plateau in 
the active state is smoothly maintained (curves C). Enough of the ‘tetanic’ 


curve is thus made available for the point of separation from the single twitch 
curve to be clearly visible. 


5 


0 50 100 150 200 ee 
Time since first stimulus (msec) 


Fig. 1. Curves of isometric tension (left ordinate) and ‘activity’ (right ordinate) during the early 
stages of contraction. Frog sartorius, 0° C. Stimuli indicated by arrows: A, tetanus; B 
twitch; C, summated response to two stimuli. 


EXPERIMENTAL TECHNIQUE 


A single sartorius from a frog (Rana temporaria) was mounted at its body-length on a multi- 
electrode apparatus (Hill, 1949) and stimulated in oxygenated Ringer’s fluid with supramaximal 
rectangular pulses of duration 0-2 msec (approximately equal to the chronaxie). The muscle was 
not curarized, so ite fibres were stimulated in part directly, in part through intramuscular nerve 
twigs. Tension was registered by a mechano-electronic transducer (RCA 5734) whose output was 
displayed on a cathode-ray tube and recorded by a still quarter-plate camera, There was no need 
for conditions to be very strictly isometric so the muscle was connected to the transducer by a 
length of plaited silk braid which had been oiled to make it hang limply. With this form of con- 
nexion vibrations were never a serious problem. Triggering of time-base and stimulator was 
controlled by a modified Keith Lucas rotary contact breaker, electrically driven and built from 
standard gramophone parts. 

Records like those in Figs. 1-3 were built up by recording several contractions on the same piece 
of photographic paper. If the traces are to superimpose accurately both the apparatus and the 
muscle must be in a very stable condition, and the triggering arrangements must be consistent to 
@ small fraction of a millisecond. Accurately reproducible twitches were obtained by stimulating 
the muscle automatically every 3 min. In this way the metabolism is soon brought to a steady 
level and no difference can be detected between successive twitches. 


RESULTS 
A typical experimental record is illustrated in Fig. 2, which shows the active 
state produced by the first shock beginning to decline after about 70 msec. 
Records B and C run together for an appreciable time, proving that the timing 
of the second shock can be varied over quite a large range (30 msec in this case) 
without producing an appreciable departure from the condition of full activity, 
and substantiating the belief that the active state curve has a really flat 
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plateau. If the second shock is given later still (e.g. at D), the activity 
resulting from the first shock does have time to decay before being replenished 
by the second shock. The resulting tension curve D therefore follows at first 
curve A rather than curves B and C. Both for first and for subsequent shocks 
there is a latency of about 15 msec before any effect on the tension curve can 
be detected. However, the measurements of the duration of the fully active 
state given in this paper are all made from the first shock and not from the end 
of this latent period. 


20 
0 
B 1 i 4 
0 50 100 150 200 


Time since first shock (msec) 

Fig. 2. The rise in isometric tension during the early stages of contraction. Single frog’s sartorius, 
0° C; tracings. A, response to single stimulus at time zero; B, response to pair of stimuli, 
the second being given at time B; C, response to pair of stimuli, the second being given at 
time C; D, response to pair of stimuli, the second being given at time D. 


Differentiated records. The exact moment at which curves B and C can be 
seen to separate from curve A naturally depends on the resolution of the 
method employed to examine the region of separation. This resolution can be 
improved by differentiating the tension record, performed experimentally by 
passing the output from the transducer through a series resistance-capacitance 
circuit (RC =3 msec) and increasing the amplifier gain appropriately. A record 
obtained in this way is shown in Fig. 3: the peak on this curve corresponds to 
the point of inflexion in Fig. 2. Curves A—D show qualitatively the same 
relationship as in Fig. 2; but, as expected, the times involved are all shorter. 
Whether or not the apparent duration of the active state would be still further 
reduced by further increase in resolution is a question which cannot be 
answered theoretically without foreknowledge of the exact shape of the active 
state curve; but it seems probable that further improvement in technique 
would yield only diminishing returns. 
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_ Numerical results, The numerical results obtained by the two methods are 
given in Table 1. 


Variation with temperature. We have confirmed the finding of Hill (1951) 
that the duration of the active state is greatly reduced by an increase in 


Rate of tension rise (g/sec) 


0- 
0 20. 4 - 60 80 100 §8=©120 140 
Time since first shock (msec) 
Fig. 3. Rate-of-change of isometric tension, P, against time. Frog’s sartorius, 0° C; tracings 
A-D have the same significance as in Fig. 2. End of plateau indicated by vertical line. 


TaBLE 1. Duration of the plateau of the active state. Frog's sartorius, 0° C (June and 
July); mean + standard deviation about mean. 


Duration 

uscles 
Tension record 65+12 (8 determinations on 2 m ) 
Differential 444+ 5 (11 determinations on 5 muscles) 


All measurements made with a stimulus strength about 15 times threshold. Times measured 
from the first shock. 


temperature, The effect is demonstrated quantitatively in Fig. 4 (solid circles), 
where it will be seen that the duration of the active state is approximately 
halved by each 10° C rise in temperature. 
Variation with stimulus strength. Fig. 4 also reveals that the duration of the 
fully active state varies somewhat with the strength of the stimulus, particularly 
atlow temperature. That all the stimuli used were supramaximal in the ordinary 
sense is shown by the open circles in Fig. 4, which show how the peak height of 
the twitch, on which the assessment of maximality is commonly based, varied 
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with the stimulus strength. The upper part of this curve is sometimes perfectly 
horizontal (as in the muscle of Fig. 5 B) but more often it slopes gently upwards. 
This is not unexpected, since the height of the twitch must depend in a compli- 
cated way on the duration and on the mode of decline of the active state; while 
the duration demonstrably varies with the stimulus strength. 
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Stimulus strength, times threshold 


Fig. 4. Solid circles: time from first shock to end of the fully active state at various stimulus 
strengths, and at the different temperatures indicated on the curves (left ordinate). Open 
circles: peak height of twitch in g weight (right ordinate). 


Why does the duration of the active state vary with stimulus strength? Part 
of the effect must, and all of the effect may, be due to the following cause: that 
every part of the muscle is not stimulated simultaneously even on the multi- 
electrode assembly. The alternate anodes and cathodes are spaced 3 mm apart, 
and if a threshold shock stimulates only in the immediate neighbourhood of 
a cathode the remainder of the muscle must be stimulated by conduction of 
impulses along nerve twigs and muscle fibres. Muscle lying over the anodes 
will therefore not become active until the impulses have travelled 3 mm, which 
would take about 10 msec in muscle fibres at 0° C. The effect of this asynchrony 
on the active state curve of the whole muscle will be to prolong both its rise 
and its fall. The prolongation must be diminished by raising the stimulus 


strength, for then more and more of the muscle will be stimulated directly, | 


rather than by conduction from other parts. A close connexion between this 
effect and the impulse conduction velocity may be inferred from Fig. 4. The 
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effect of stimulus strength on the duration of the active state practically dis- 
appears at 20° C, presumably because all the conduction processes take place 
much more quickly at the higher temperature. Certainly the time-course of 
isometric tension development is altered by altering the (supramaximal) 
stimulus strength, as shown in Fig. 5A; and the difference persists throughout 
the whole of the rising phase of the twitch. Does this mean that the nature of 
the active state depends on the stimulus strength, or can the effect be accounted 
for by a difference in the time-course of the rise and decay of activity? 


z 
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3 300} 
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Time since shock (msec) Tension (g wt.) 


Fig. 5. The effect of stimulus strength on the onset of contraction. In both A and B the upper 
curve is a response to a single shock of 20 times threshold, the lower to a shock of 5 times 
threshold, given at time zero. The bar indicates the end of the plateau in the active state, 
determined from other experiments. A, dP/dt displayed against time ¢ (as in Fig. 3); B, dP/dt 
displayed against tension P. 


This question can be investigated by displaying dP/dt as a function of . 
tension P as in Fig. 5B, rather than of time as in Fig. 5A. This may easily be 
carried out experimentally by feeding the X plates of the cathode-ray tube 
from the transducer instead of from the time-base. It can be shown that at 
a given instant the height of the dP/dt: ¢ curve depends on past history; that 
is, on the shape of the curve at previous times. On the other hand, the position 
of each point on the dP/dt: P curve depends solely on the condition of the 
muscle at that instant. 

The time-course of isometric tension development is known to be determined by the force- 
velocity relation in the fully active contractile element and the force-extension relation in the 
elastic element. Thus at a given tension, P, the velocity of shortening, v, and the series compliance, 
C, are both fixed. dP/dt is also fixed, for v=CdP/dt. dP/dt is therefore a fixed function of P all 
the time that the active state is fully maintained. 

The close similarity between the curves in Fig. 5B therefore provides direct 
evidence that change in stimulating voltage has very little effect on the nature 
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of the active state. It therefore seems reasonable to conclude that the stimu- 
lating voltage alters tension development mainly or solely by altering the 
time-course of the rise and decay of activity. 

The dP/dt: P curve has several interesting properties which may make it 
useful in the study of muscular function. Apart from its present use to detect 
full activity, the curve may be employed to reveal regions of exponential rise 
or fall of tension, which appear as straight lines through the origin (O. Sten- 
Knudsen, private communication); while the method of calculating muscle 
constants from a pair of isometric contractions with and without added 
compliance (Macpherson, 1953), is greatly facilitated. If desired, time may be 
recorded as third variable by modulating the cathode beam. 


DISCUSSION 


The reasoning on which this method is based assumes implicitly that the second 
shock is given after the refractory period from the first shock has substantially 
passed, so that the excitatory mechanism is fired off twice. The numerical 
values for the decay of refractoriness at different temperatures given by Adrian 
(1921) show that this assumption is justified. 

The times given here for the duration of the plateau of the active state are 
considerably shorter than those given by Hill (1949, 1953) because of the 
greater sensitivity with which a decline from full activity can be detected; and 
it is interesting to note that our figures agree quite well with measurements 
of the duration of the active state generated by each shock during a fully- 
developed tetanus (Hill & Macpherson, 1952, referred to by Hill, 1953, p. 502; 
Mauriello & Sandow, 1953; Ritchie, 1954). These measurements were made 
by finding the lowest frequency of stimulation at which no tension fluctuations 
could be detected, or by measuring how soon after the last shock the tension 
just began to fall. It should be noted that the latter method measures the 
interval from the shock to the first decline in the active state, while the former 
measures this interval minus the latent period. 

‘Measurements of the active state are important because they reflect directly 
the processes going on in the contractile element of the muscle. In contrast, the 
more commonly measured isometric twitch tension reveals these processes very 
indirectly, for the shape and size of the twitch depend in a complex way on the 
shape of the active state curve and on the compliance of the series elastic 
element and any external connexions. To understand more fully what happens 
in a twitch it will be necessary to examine the mechanical properties of the 
contractile element during the period when the active state is declining, for 
much of the tension rise occurs during this period. It would be very interesting 
to find out whether there is still a relation between force and velocity of 
shortening, and one might learn much from the way in which the contractile 
machinery is dismantled. During relaxation, when one part of the muscle is 
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stretching another, conditions must be still more complex. We hope to extend 
this work by studying contraction under high hydrostatic pressure, which is 
known to cause large changes in the size and shape of twitches, possibly as 
a result of corresponding changes in the active state curve. 


SUMMARY 


1. The duration of the ‘plateau’ of the active state in a muscle twitch has 
been measured by comparing the curves of isometric tension rise in a twitch 
and in a tetanus. The end of the plateau is marked by a separation of the 
curves. 

2. The plateau ended 44 +5 msec (mean +8.D.) after the stimulus in frog’s-- 
sartorii at 0° C. 

3. The effects on the active state of temperature and of stimulus cis 
have been investigated. 


We wish to express here our thanks to Prof. A. V. Hill for a number of valuable suggestions 
about the conduct of these experiments. 

We understand that Dr A. Sandow, of New York University, has recently investigated the 
the state by method similar to the one described here He has obtained 
results similar to ours. 
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ABSORPTION OF SEROTONIN (5-HYDROXYTRYPTAMINE) AND 
HISTAMINE BY DOG PLATELETS 


By J. H. HUMPHREY anp C. C. TOH* 
From the National Institute for Medical Research, Mill Hill, London, N.W. 7 


(Received 6 November 1953) 


It is now well known that the vasoconstrictor substance in platelets is 
5-hydroxytryptamine (serotonin) (Rand & Reid, 1951). Humphrey & Jaques 
(1954) have estimated the amounts of serotonin present in platelets of different 
species of animals, and have found that this substance is present in larger 
amounts than histamine. It is not known why platelets should contain such 
large amounts of serotonin. In this paper it will be shown that platelets from 
dogs are capable of taking up serotonin from solution. This finding raises the 


possibility that the serotonin found in platelets may be accumulated rather 
than formed in situ. 


METHODS 


Dogs were anaesthetized with phenobarbitone. A short glass cannula, previously treated with 
silicone, was inserted into the femoral artery and joined to a short length of polythene tubing for 
collection of blood. 

of platelets. Blood was collected into silioone-coated vessels and mixed with ysth 
vol. of 1% ‘Versene’ (disodium ethylenedi tetra-acetic acid) in 0-7 % NaCl solution. After 
centrifugation for } hr at 1600 g in a refrigerated centrifuge, the buffy layer was collected and 
transferred to narrow silicone-coated centrifuge tubes, in which it was again centrifuged for 4 hr 
at 1600-2000 g. The top portion of the buffy layer could now quite easily be collected by means of 
a& pipette coated inside and out with paraffin wax, and consisted almost entirely of platelets. There 
were few or no red cells, and the proportion of white cells to platelets was about 1:500-1; 1000. 
The platelets were suspended in 10 ml. of the fluid described below, and centrifuged at 4° C for 
4 hr at 2000 g. The supernatant (which contained negligible amounts of serotonin or histamine) 
was discarded and the washing repeated. The platelets were then suspended in the suspending 
fluid, and their number counted, using a haemocytometer. When stored at 4° C they were quite 
stable, showing no tendency to agglutinate or to lose their contained serotonin into the surrounding 
fluid over periods of 5 hr. 

Preparation of red cells : Lysis of platelets. Red cells, free from platelets, were washed thrice with 
suspending fluid by centrifugation at 4° C. It had been observed in other experiments (Humphrey 
& Jaques, 1954) that rabbit platelets which were alternately frozen and thawed released into the 
surrounding fluid any serotonin or histamine which they contained. The amounts of histamine 
released in this way were, within experimental error, the same as could be extracted by brief 
* Singapore, Colonial Development and Welfare Scholar. Present address: Physiology Depart- 
ment, University of Malaya, Singapore. 
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boiling with »/10-HCl or by the full extraction method prescribed in Code’s modification (1937). 
The dog platelet suspensions were accordingly frozen at -— 70° C and thawed thrice, and the total 
serotonin or histamine content obtained by assay of the amounts in the suspending fluid. Although 
suspensions treated in this way became much clearer, the platelet stroma remained finely divided 
and could be collected and washed by centrifugation. After two washings at 4° C with 30 vol. of 
suspending fluid, the serotonin concentration of the fluid in which the platelets were suspended 
fell from 5 to 0-04 pg/ml. 3 

_ Suspending fluid. The suspending fluid was based on that used by Humphrey & Jaques (1954). 
It consisted of 0-02 u sodium phosphate buffer pH 7-4, to which was added 0-1 % gelatine, 0-1 % 
sodium acetate, 0-7 % sodium chloride, and 0-01 % ‘ Versene’. 

Experimental procedure. Washed platelet suspensions were mixed in silicone-coated tubes with 
varying amounts of serotonin or histamine and made up to a constant total volume. After gentle 
agitation for 10 min at room temperature, the suspensions were centrifuged at 4° C for } hr at 
2000 g. The supernatant fluids were removed and stored at - 70° C for not more than 2 days until 
they were assayed. Control solutions of serotonin and histamine without platelets were treated in 
the same way and were shown not to alter in potency. 

Assay. Serotonin was assayed on the rat’s atropinized colon suspended in an 18 ml. bath 
(Dalgliesh, Toh & Work, 1953). By using only oxygen to aerate the bath fluid, it was found that 
the preparation responded regularly to concentrations as low as 0-1—0-2 myg serotonin per ml. of 
the bath fluid. A further precaution taken to obtain a sensitive colon preparation was to kill the 
rat by anaesthetizing it with ethyl chloride and bleeding it to death. 

Histamine was assayed on the isolated guinea-pig ileum suspended in 18 ml. Tyrode solution 
containing 0-4 ug atropine sulphate. The ileum was rendered insensitive to serotonin by addition 
of 500-600 pg 2-methyl-3-ethyl-5-hydroxyindole to the bath (Woolley & Shaw, 1952). 


Tas. 1. Serotonin and histamine content of platelets 


Serotonin con- Histamine con- 
tent in wg per tent in wg per 
10° platelets 10° platelets 
2-7 


RESULTS 


Serotonin and histamine content of platelets. Table 1 gives the amounts of 
serotonin and histamine found for 10° platelets. Whereas the values for 
serotonin range from 0-6 to 2-5 yg, no histamine, or only a trace, was detected 
in the platelets. 

Absorption of serotonin by platelets. It is clear from Table 2 that intact, 
washed platelets when suspended in serotonin solutions (0-02-2-25 pg/ml.) are 
capable of taking up varying amounts of serotonin. The sum totals of serotonin 
initially present in the platelets and the amount absorbed appear to tend 
towards a limiting value, this value being 1-6 ug in Expt. 1 and about 3 yg in 
Expts. 2 and 3. These figures would represent, then, the maximum amounts of 
serotonin that the platelets can contain. This ability of platelets to take up 


1-4 
2-4 — 
1-0 <0-05 
0-6 0 
2-5 0 
1-3 0 q 
Mean 1-7 0 
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serotonin from solution until they become saturated is dependent upon their 
integrity, for in Expt. 4 in which platelets that had previously been lysed were 
used no similar absorption was found. 


TaBLE 2, Uptake of serotonin by platelets 


Serotonin con Concentration of Amount of sero- 
tent of 10° Concentration of serotonin found 
serotonin added in supernatant by 10° platelets 
(x1 ) (ug/ml.) (ug) 
0 0-006 
0-02 0-01 0-005 
0-23 0-02 0-07 
2-25 1-75 0-16 
2 1-5 2-7 0 0-005 -= 
0-1 0-007 0-07 
0-4 0-01 0-26 
0-8 0-2 0-40 
3 1 2-5 0 0-008 a 
0-2 0-006 0-2 
0-4 0-04 0-37 
0-8 0-4 0-41 
1-46 1-2 0-41 
(lysed platelet (before lysis) 25 
stroma) 0-4 0-4 0-04 
0-8 0-8 0-04 
1-6 16 0-04 


* Calculated after allowing for small release observed when no serotonin was added. 


Absorption of histamine by platelets. Three similar experiments were carried 
out with histamine, added to the suspending fluid at five concentrations 
ranging from 0-1 to 1-6 zg/m]. In two experiments the histamine was recovered 
quantitatively in the supernatant fluid, while in the third there was a small loss 
corresponding to a maximum absorption of 0-06 yg per 10° platelets. 

Absorption by red cells. Similar experiments conducted with red blood cells 
show that they absorb neither serotonin nor histamine. 


DISCUSSION 


Loss of serotonin from a solution in which platelets are suspended may be due 
either to its destruction or to its absorption by the platelets. The fact that 
quite large amounts of serotonin can be released from washed platelets by 
lysis makes it unlikely that serotonin is destroyed by enzymes present in the 
platelets. It appears, rather, that intact platelets not only contain serotonin 
but can absorb it from solution, even against a concentration gradient, and 
that at low external concentrations the uptake is almost complete. The capacity 
of the stroma of lysed platelets, however, to take up serotonin was found to be 
almost negligible. In the experiment quoted, after lysis by freezing and 
thawing, the platelets had released into the suspending fluid an amount of 
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serotonin equivalent to 1-3 wg per 10° platelets and the concentration in the 
fluid was 5 g/ml. Although the stroma residue was subsequently washed 
twice with 30 times its volume of suspending fluid, it is possible that sufficient 
serotonin remained adsorbed on the stroma to prevent any further uptake on 
exposure to serotonin. It is clear, however, that simple adsorption on to the 
stroma surface could not account for more than a small fraction of the amounts 
of serotonin which are regularly found in dog platelets, and that some specific 
process must be involved. It may be significant that dog platelets, which con- 
tain little or no histamine, do not take up histamine from solution, and that 
red blood cells, which do not contain serotonin or histamine, take up neither. 
The ability of platelets to take up serotonin in this manner suggests that the 
serotonin found in them may not be formed in situ, but is accumulated by 
them as they circulate through tissues (e.g. gastro-intestinal tract—Erspamer, 
1940; Feldberg & Toh, 1953) which may release small amounts of the serotonin 
which they are known to contain. 

It has been suggested that the local release of serotonin from damaged 
platelets may play a part in haemostasis by virtue of its vasoconstrictor action 
(Rand & Reid, 1952). It also seems possible that one effect of platelets is to 
keep the concentration of free serotonin in plasma very low. In our own 
observations the amounts present in fresh dog plasma, taken with precautions 
to avoid damage to platelets, lay between 0-002 and 0-006 ug/ml., and even 
these amounts could be accounted for by damage to less than 1 % of the plate- 
lets present in blood. 

| SUMMARY 

1. Dog platelets contain 0-6-2-7 yg serotonin per 10° platelets, but little or 
no histamine. 

2. Suspensions of platelets take up serotonin from a medium containing 
different concentrations of the substance. 2 

3. Histamine is not taken up, or taken up only to a very small extent, by 
platelets. 

4. Lysed platelet stroma or red blood cells do not take up serotonin or 
histamine. 

We wish to thank Dr R. K. Richards of Abbott Laboratories for providing us with a sample of 


serotonin creatinine sulphate, and Dr D. W. Woolley of the Rockefeller Institute for Medical 
Research for a gift of 2-methyl-3-ethyl-5-hydroxyindole. 
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THE HISTAMINE AND SEROTONIN CONTENT OF THE 
PLATELETS AND POLYMORPHONUCLEAR LEUCOCYTES 
OF VARIOUS SPECIES 


By J. H. HUMPHREY anp R. JAQUES 
From the National Institute for Medical Research, Mill Hill, London, N.W.7 


(Received 6 November 1953) 


In a recent review on ‘ Histamine in blood’, Code (1952) discussed the existing 
literature relating to the distribution of histamine within the leucocytes and 
platelets of different species, and he drew attention to the relative paucity of 
information concerning species other than the rabbit. In the course of work 
on the release of histamine and of 5-hydroxytryptamine from platelets by 
antigen-antibody reactions im vitro, of which a preliminary account has 
already appeared (Humphrey & Jaques, 1953), we have had occasion to 
estimate the concentration of these two substances in the platelets and poly- 
morphonuclear leucocytes of various species. We have also obtained further 
evidence upon the question, which Code regards as not yet conclusively — 
settled, of the relative contributions of platelets and polymorphonuclear 
leucocytes to the histamine content of whole rabbit blood. Since the matter is 
one of some general interest, it seemed worth while to present these findings in 
& separate report. 
| METHODS 

Histamine assay. Histamine was assayed, in the saline extracts or the body fluids, upon the 
atropinized guinea-pig ileum by comparison with a histamine acid phosphate standard. Results — 
are expressed in terms of the free base. The preparation used, although sensitive to serotonin 
(5-hydroxytryptamine) is less than 1/10 as sensitive as it is to histamine, and the amounts present 
in platelet extracts did not usually interfere seriously with histamine assays. In most instances 
the extracts were re-assayed after inhibition of histamine contractions by mepyramine maleate 
(which inhibits histamine much more than serotonin) and the difference was taken to represent 
true histamine activity. 

Serotonin (5-hydroxytryptamine) assay. This was performed on rats’ atropinized colon prepara- 
tion (Dalgleish, Toh & Work, 1953), which is insensitive to histamine, or on the rat uterus 
preparation of Garcia de Jalon, Bayo Bayo & Garcia de Jalon (1945). The standard was serotonin 
creatinine sulphate, and the results were expressed in terms of the free base. The active material 
was presumed to be serotonin since it was inhibited by tryptamine (Gaddum, 1953a) and by 
2-methyl-3-ethyl-5-amino indole (Woolley & Shaw, 1952) to the same degree as was authentic 
serotonin. In three instances (goat, guinea-pig and rabbit) platelet extracts were examined by 
paper chromatography by Dr C. E. Dalgleish, and spots were observed, after spraying with 
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Pauly’s diazotized sulphanilic acid reagent, having the same Ry values as serotonin (Dalgleish, 
1952). 

Extraction of active substances from platelets and leucocytes was effected by freeaing the suspension 
solid, followed by thawing shortly before assay. Solid CO, was generally used for freezing, and 
the frozen material was stored at ~5 to ~ 10°C, but the exact temperature was immaterial. 
While frozen solid, and in the absence of plasma, the active materials were stable for some weeks. 
The histamine activities found in the supernatant fluids after centrifuging the frozen and thawed 
materials were compared on several occasions with those found by Code’s (1937) extraction 
procedure and by simply boiling in acid solution (pH 3). The agreement was always within the 
experimental error of the assays. Since histamine was extracted completely it was assumed 
that serotonin would behave similarly. 

Preparation of platelet suspensions. Blood was collected from heparinized animals without 
anaesthesia, except in the case of rate and ferrets which were lightly anaesthetized with ether 
and of dogs and cats which were anaesthetized with sodium pentobarbitone. Care was taken to 
avoid contact of the blood with cut tissues by the use of silicone-treated needles, and by liberal 
smearing of surfaces with vaseline. All glass-ware was silicone treated, and all centrifugations 
were Gene até ©. The blood was usually mixed with sodium citrate (0-5 %) or ‘ Versene’ (disodium 
th tetra-acetic acid) 0-1%, and was centrifuged for 4 hr at 1600 g. The buffy layer 
was collected with » paraffin-coated pipette, and was washed by centrifugation for } hr periods 
at 2000 g with 0-9% NaCl, or with Tyrode solution containing 0-1% added gelatin and 0-1 % 
added sodium acetate mixed with one fourth volume of 0-158 m sodium phosphate buffer pH 7-4. 
After two or three washings (which were shown to be free from histamine) the platelets were 
suspended evenly and enumerated in a haemocytometer. An approximate count of the red and 
white cells was made at the same time. Platelet suspensions so prepared contained a few red 
cells, and the ratio of platelets to white cells ranged between 1 : 200 and 1 : 1000. They were quite 
stable in buffered gelatin Tyrode solution, losing less than 10% of their contained histamine on 
overnight storage at 4° C. 

Platelets free from leucocytes were obtained from the blood of rabbits which had received doses 
of nitrogen mustard (1-75 mg/kg) intravenously 4 days previously. This dose is sufficient to 
reduce the polymorphonuclear leucocyte count 100-fold, while diminishing the platelet and 
lymphocyte counts by less than half. Suspensions prepared from such animals contained not 
more than one leucocyte per 10,000 platelets. 

Polymorphonuclear leucocyte suspensions were prepared by intraperitoneal injections of warmed 
horse meat extract broth (Mackie & McCartney, 1946). 16-18 hr later the peritoneal cavity was 
irrigated with 1-5% sodium citrate in 0-7% sodium chloride solution. The exudate cells were 
collected and washed twice on the centrifuge with the buffered gelatin Tyrode solution described 
above. Differential and total counts were made, and the proportion of polymorphonuclear cells 
was usually found to be 85-90%, except in the rate where it was only 50%. Cells prepared in this 
way, and stored at 2° C, became actively motile when warmed to 37° C after a week and were 
presumably little, if at all, damaged. The cells were lysed by freezing and thawing, as described 
for platelets. On two occasions the histamine values obtained in this way were checked by the full 
Code (1937) extraction method, and on several occasions the washings were shown to contain 
negligible amounts of histamine. 


RESULTS AND DISCUSSION 
Histamine and serotonin 
The results are summarized in Tables 1 and 2. While they confirm the 
conclusion that platelets are often rich sources of histamine and serotonin, 
there appears to be a remarkable species variation not only in the absolute 
but also in the relative amounts of the two substances contained. The values 
for histamine in platelets are in general agreement with those quoted by Code 
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(1952), who also mentions low values for platelets of the horse. Our direct 
estimations of histamine in polymorphonuclear leucocytes were limited to 
relatively few species; only those of the rat contained large amounts. Indirect 
calculations, by comparison of the histamine contents of leucocyte-rich and 
leucocyte-poor portions of the buffy layer gave estimates of 15 yg/10° leuco- 
cytes in man and <0-3 ug/10* leucocytes in dog. Owing to the relatively 


TaBLE 1. Histamine content (ug) of 10° platelets or leucocytes 


No. of 
ples 
Species tested Range Mean Comment 
Rabbit platelet 23 2-6-7 35 Samples from mustard 
treated rabbits averaged 3-0 
A third substance was Kod 
Rabbit 7 0-5-1-5 10 
Guinea-pig 6 0-1-0-28 0-18 Fourout of six samples contained 
Guinea-pig 1 — 15 Eosinophil exudate obtained 
inj 
Dog platelet 8 0- <0-05 0 reo from Humphrey & Toh 
(1954) 
Man platelet 3 0-01-0-12 0-06 The samples contained an 
uniden third substance 
Rat leucocyte 4 10-18 16 
Cat platelet 2 0-06-0-18 0-12 The samples contained an 
unidentified third substance 
Ferret platelet 2 0-025-0-05 0-04 The samples contained an 
unidentified third substance 
Ferret leucocyte 2 0-03-0-07 0-05 — 
Goat platelet 3 0-16-0-3 0-25 Maximum values—activity may 
| be partly due to serotonin 
Tasxiz 2. Serotonin content (ug) of 10° platelets 
No. of samples 
Species tested Mean 
Guinea-pi 3( ) 1 
8 0-6-2-7 1-7 
Man platelet 2 0-2-0-3 0-25 
Rat platelet 1 (pool) _ 0-4 
Goat 2 3-5-5 4:3 


Cat 3 0-7-1-1 0-9 
-* Quoted from Humphrey & Toh (1954). 


much greater numbers of platelets than of leucocytes (usually around 100 : 1), 
the contribution of platelets to whole blood histamine must be the pre- 
dominating factor. From our experiments with rabbits deprived of poly- 
morphonuclear leucocytes by treatment with nitrogen mustard we obtained 
unequivocal evidence that the platelets in this species contribute practically 
all the histamine of the blood. 

The identification of the vasoconstrictor substance in ox platelets with 
serotonin was made by Rand & Reid (1951), and it is widely a 
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platelets are an important source of this substance. Erspamer & Faustini 
(1953) quote values for the serotonin content of serum from many species. 
Since clotting is accompanied by complete release of histamine and serotonin 
from platelets, the serum values are probably derived from the platelets. In 
Table 3 our estimates of platelet serotonin have been multiplied by mean 
blood platelet counts, and the values obtained are in general agreement with 
Erspamer & Faustini’s estimates of serum serotonin, with the striking ex- 
ception of those for the cat. It appears that serotonin occurs more uniformly, 
and in greater quantities than histamine in platelets. We examined only two 
specimens of polymorphonuclear exudate, one from rabbit and one from 
guinea-pig, and found the serotonin content to be less than 0-01 yg/10° cells. 


Tasiz 3. Comparison of mean serum serotonin values from Erspamer & Faustini (1953) with 
mean whole blood values calculated from our findings (Humphrey & Jaques) on the basis 
of platelet content alone 

_ Serotonin (ug/ml.) in 


Species Serum (E. & F.) Blood (H. & J.) 
Rabbit 3-53 5-2 
Goat 2-18 3-0 
Cat 3-8 0-68 
Rat 0-57 0-34 
0-21 0-49 
pig 0-21 0-18 
Man 0-12 0-19 


Occurrence of other active substances in platelets 

After treatment of the atropinized guinea-pig ileum with doses of me- 
pyramine and tryptamine sufficient greatly to depress the responses to hist- 
amine and serotonin, it was observed that the response to platelet extracts 
was diminished to a smaller extent than was the response to amounts of 
histamine and serotonin which had been equivalent to the platelet extracts 
when tested on the untreated gut. It appeared that some 5-10% of the 
pharmacological activity of platelet extracts was not abolished by these 
antagonists. Mr W. E. Brocklehurst, using lysergic acid diethylamide (Gad- 
dum, 19536) instead of tryptamine to inhibit serotonin, has since confirmed 
some of these observations (private communication). Residual activity of 
this kind was most noticeable in testing guinea-pig and ferret platelets, but 
was found also to a lesser extent in human, cat and rabbit platelet extracts. . 
The nature of the substance or substances responsible was not further in- 
vestigated. In most instances this third type of activity showed a delayed 
onset of contraction and thus resembled that of the so-called ‘slow reacting 
substances’ described by Feldberg & Kellaway (1938); but in the case of 
rabbit platelets the extracts caused contraction of the desensitized guinea-pig 
ileum without any apparent latency. Compared with the histamine and sero- 
tonin activity, the residual activity was always small, but it may to some 
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extent have exaggerated our estimated values—particularly in assays of 
serotonin on the rat colon, in which we could not be certain of specifically 
inhibiting the serotonin contractions. 

The importance of platelets as packets of very active pharmacological 
substances, which circulate in the blood stream and are capable of releasing 
their contents locally when slightly damaged, is obvious, and has already been 
pointed out by Rand & Reid (1952). A point of purely technical importance, 
whose seriousness has not always been sufficiently recognized, is that unless 
great care is taken to avoid platelet damage when blood is drawn, incorrect 
estimates will be obtained for free histamine or serotonin in plasma. Our own 
findings in rabbit, dog and human plasmas have been values of the order of 
0-002 g/ml. for both substances. Even these small amounts might be due to 
traces derived from damaged platelets. 


SUMMARY 


1, The average amounts of histamine found in the platelets of various 
species were as follows (per 10° platelets): rabbit, 3-5 ug; cat, goat and guinea- 
pig, 0-1-0-3 yg; man, dog, rat and ferret, less than 0-1 yg. 

2. The average amounts of serotonin were: rabbit, 7-5 ug; goat 4:3 ug; 
dog, 1-7 wg; cat, 0-9 wg; man, guinea-pig and rat, 0-2-0-4 yg. 

3. Platelets from man, rabbit, cat, guinea-pig and ferret contained a further 
unidentified substance when tested on the isolated guinea-pig ileum. 

4. Histamine was found in the polymorphonuclear leucocytes obtained 
from peritoneal exudates of rabbits, guinea-pigs, ferrets and rats, but only 
in rats was the amount large. 

5. It is concluded that histamine and serotonin found in the blood of most 
species is almost all contributed by the platelets. When damage to platelets 
is minimized, the amounts found in the plasma are very small indeed. 


We wish to thank Dr R. K. Richards of Abbott Laboratories for providing a sample of serotonin 
creatinine sulphate, and Dr D. W. Woolley of the Rockefeller Institute for Medical Research for 
a gift of 2-methyl-3-ethyl-5-hydroxyindole. These were made available to us through the kindness 
of Dr W. Feldberg, F.R.S. We are also indebted to Mr W. E. Brocklehurst for doing the estima- 
tions of histamine and serotonin in cat platelets. 
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INTERACTION BETWEEN MUSCLE FIBRES IN A TWITCH 


By P. A. MERTON 
From the Medical Research Council, Neurological Research Unit, 
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(Received 12 November 1953) 


It is simplest to suppose that with imertialess isometric recording the 
mechanical twitch of a whole muscle to a single maximal shock is‘the sum of 
all the elementary twitches to be recorded if each motor nerve fibre were 
excited individually one by one. In this paper, however, it is shown that this 
expectation is not exactly obeyed; when the muscle is excited synchronously 
by a single shock the resultant twitch is stronger and lasts longer than the 
sum of its components taken separately. This augmentation of the twitch 
only occurs if all the motor units are excited within a millisecond or so of 
each other; thus it is found that even slightly asynchronous excitation gives 
smaller and briefer twitches. These observations are of interest because all 
explanations in terms of known phenomena apparently fail. 
A preliminary account has already appeared (Merton, 1951 a). 


METHODS 


The arrangements for the human experiments have been described in detail in a previous paper 
(Merton, 19516). The muscle was the adductor pollicis, action potentials led-off by surface 
electrodes and amplified, tension recorded by a strain gauge and direct-coupled amplifier. The 
ulnar nerve was stimulated at the wrist or the elbow by condenser discharges delivered through 
pulse transformers. 

In the cat experiments the animal was under chloralose with its tibia fixed by drills through the 


~ bone. The tendon of tibialis anterior was connected to the strain gauge by a wire. Its nerve was 


dissected out for stimulating, unwanted branches being cut. 


RESULTS 


The effects of precise synchronization of the motor volley on the muscle 
twitch were brought to light by the observation that maximal twitches of the 
adductor pollicis muscle were different in shape when the stimulus was given 
at the wrist instead of the elbow. Investigation of this phenomenon showed 
that there is a sufficient length of nerve in the human forearm to allow the 
differences in conduction velocity among the fibres to disperse the volley 
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when it comes from the elbow, and this asynchronous volley gives rise to 
a smaller and briefer twitch. In animal experiments such lengths of nerve 
are not commonly employed, which is one reason why the phenomenon has 
previously escaped notice. ~ 

As compared with that from the wrist the twitch elicited from the elbow 
constantly has an earlier peak and the falling phase is more hollow (Fig. 1). 
The peak tension may be slightly greater or less than with stimulation at the 
wrist, consistently greater or less in any one experiment if care is taken that 
the position of the limb, etc., remain unchanged and the muscle is not 
fatigued, As will be proved, it is the asynchrony which causes the changes in 


A B | 


Fig. 1. Twitches of the adductor pollicis with a maximal shock to the ulmar nerve. A, stimulus 
at elbow; B, at wrist; C, the two superimposed; shock latencies adjusted to give coincident 
rising phases. The smaller and briefer twitch is with the volley from the elbow. Twitch 
height about 1 kg. Time markers, 10 and 100 msec. 


shape and also reduces the size of the twitch. The reason the two twitches are 
nevertheless about the same height is that the elbow stimulus causes con- 
traction of the ulnar muscles of the forearm, which jerks the hand in the 
splint and makes a small and inconstant contribution to the tension usually 
about enough to bring the asynchronous twitch up to size. These actions are 
revealed by experiments with double stimulation at wrist and elbow. To see 
the contribution of the forearm muscles the nerve is stimulated at the wrist 
and the effect noted of adding simultaneous stimuli at the elbow. Provided 
the wrist shock is maximal, changes in the twitch can only be due to muscles 
contracting in the forearm. Conversely, the synchronization effect accounts for 
changes in the twitch which occur when, during stimulation at the elbow, 
simultaneous stimuli at the wrist are thrown in. With both stimuli the twitch 
is bigger than with either separately which is because both factors tending to 
increase it are present, contraction of the forearm muscles and a synchronous 
volley from the wrist. The experiments which justify these statements will 
now be described in detail. 

Contraction of forearm muscles. Maximal shocks are applied rhythmically at 
the wrist, one every 10 sec approximately. When a stimulus is applied simul- 
taneously at the elbow (or a few milliseconds before or afterwards) the 
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mechanical response increases in size (Fig. 2A). There is no increase in the 
muscle action potential so the increase in the twitch cannot be accounted for 
by the wrist stimulus being unintentionally submaximal. The effect is absent 
unless the elbow electrode is over the ulnar nerve and unless the stimulus 
causes a large contraction of flexor carpi ulnaris. In a severe case of myasthenia 
gravis in whom the forearm muscles could be fatigued selectively a state was 
reached in which, with stimulation at the elbow, the adductor was contracting 
well but the twitch in the forearm muscles was practically impalpable. At 
that time the effect in question was absent—with double stimulation at wrist 
and elbow the contractions were identical with those from the wrist alone. 


A B 


Fig. 2. Simultaneous double stimulation at the wrist and elbow. Double stimulation (the larger 
twitch in each case) compared with, A, the wrist caly, B, the elbow only. Time markers, 
10 and 100 msec. 


This evidence strongly suggests that the increase in the twitch produced by 
switching in the elbow stimulus is due to contraction of forearm muscles, 
notably the flexor carpi ulnaris. It will be seen from Fig. 2A that the 
increase affects the different parts of the twitch similarly; the rate of rise, 
peak tension and rate of fall are all increased. There is little change in the 
shape of the response except that the peak may occur slightly earlier. 

Synchronization of the motor volley. If contraction of the flexor carpi ulnaris 
were the only relevant influence introduced by moving the shock from wrist 
to elbow, we should expect the twitch elicited from the wrist always to be 
smaller than that from the elbow and to increase up to elbow size, but no 
further, with double stimulation. Double stimulation, however, gives a twitch 
that is bigger than with either separately, and it follows from this that there 
must be two factors tending to increase the twitch tension. One is the con- 
traction of flexor carpi ulnaris, only present with the stimulus at the elbow. 
The other, which acts only with the stimulus at the wrist, remains to be 
investigated. For this purpose shocks are applied, at the usual 10 sec interval, 
to the elbow. Switching in a simultaneous shock at the wrist increases the 
tension and changes the twitch shape (Fig. 2B). This effect is absent if the 
electrode is not over the ulnar nerve; the shock must be nearly maximal for 
the adductor pollicis before it appears and does not increase if it is made 
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supramaximal. (When the wrist shock is half maximal the size of the twitch 
is actually reduced. It will be shown later that this surprising effect can also 
be accounted for in terms of a change in the synchrony of the volley but one 
independent of the increase under consideration at the moment.) These tests 
indicate that the action of the wrist shock in increasing the twitch is on the 
motor fibres to the adductor pollicis. The action potential following a motor 
volley from the wrist is slightly taller and briefer than when the nerve is 
excited maximally at the elbow. Both the larger action potential and the 
larger twitch could be explained if the wrist shock excited a few more motor 
fibres which the elbow shock did not. But great care was always taken to 
ensure that the elbow shock was maximal and, further, such an explanation 
could offer no reason for the change in duration of the action potential. The 
alternative is that all the motor fibres were in fact stimulated at the elbow, but 
owing to the greater distance they travel to the muscle all the impulses do 
not arrive at the same instant, the action potentials in individual motor units 
are therefore slightly out of step and do not sum so effectively ; as a result the 
action potential of the whole muscle would be smaller and, owing to the 
dispersion, slightly prolonged. This would explain the differences in the action 
potentials, but could dispersion of the motor volley produced in this way also 
give rise to the changes observed in the mechanical response? An experiment 
was designed to answer this question. The principle is that if a shock at the 
elbow is followed by one at the wrist timed to fall just after the elbow volley 
of impulses has passed, but within the refractory period, the wrist shock 
should be quite ineffective, however strong, if it is true that exactly the same 
motor fibres are involved at both sites of stimulation. In the experiment 
illustrated in Fig. 3 the elbow shock was triggered by the same pulse that 
started the cathode-ray tube sweep. The wrist shock was set off after a variable 
delay. Either shock could be switched off. With each shock separately it was 
arranged by adjusting the delay that the early rising phases of both action 
potentials coincided on the tube face (Fig. 3A). With both shocks in circuit 
the potential was similar to that with the wrist shock alone. The action 
potential record shown in Fig. 3B has indeed the appearance of a single trace 
but inspection of the stimulus artifacts shows that there are two traces, both 
with delayed artifacts (wrist) and only one with an artifact at the start of the 
sweep (elbow). On increasing the delay about 1 msec the action potential 
with both shocks became indistinguishable from the elbow type. In Fig. 3C 


the action potential with double stimulation is compared with that from 


a single volley from the elbow. They are identical: On this record both traces 
carry the elbow shock artifact, but only one has the wrist artifact. At this 
critical interval the wrist shock, even if made as strong as the subject could 
bear, does not give rise to an action potential any larger than with the elbow 
shock alone. With slightly longer intervals some of the fibres have recovered 
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from the absolute refractory period and double stimulation results. So far, 
then, it has been confirmed that the greater height of the action potential 
with the wrist stimulus is due to its greater degree of synchrony. In the first 
experiment with the latencies equal, the fronts of the fastest action potentials 
from the elbow have just reached the wrist when the shock is sent in there. 


A B C 


Fig. 3. Double stimulation at two intervals. A, action potentials from single stimuli at the wrist 
and elbow superimposed, with the early rising phases arranged to coincide (shock interval 
5-2 msec). B, double stimulation with timing as in A compared with the wrist alone. 
C, double stimulation at the critical interval (6-0 msec, see text) compared with the elbow 
alone. Time markers in A, B and C, 1 and 10 msec. Action potentials approximately 10 mV 
peak to peak. D, twitch from double stimulation with interval as in A, compared with twitch 
from elbow stimulus alone. E, twitch from double stimulation at the critical interval also 
compared with that from the elbow alone. Time markers in D and E, 10 and 100 msec. 


These fibres are unaffected but all the others are stimulated so as to come into 
synchrony. Thus the wrist type of volley is sent to the muscle. At the slightly 
longer critical interval the fronts of all action potentials have reached or 
passed the wrist. The shock thus falls on fibres which are either active or 
refractory and has no action. The asynchrony of the volley is unaffected and 
the muscle action potential is of the elbow type. 

Turning now to mechanical twitches resulting from these various modes of 
stimulation, Fig. 3D compares the twitch due to a volley from the elbow 
with that from double stimulation at the shorter interval, i.e. with the wrist 
type action potential. Double stimulation, as previously observed, gives 
a larger twitch. (Fig. 3D is in fact a repetition of Fig. 2B.) With the shocks at 
the critical interval, however, i.e. with the elbow type action potential, the 
twitch reduces to the elbow type (Fig. 3E). Thus at the critical interval when 
the wrist shock cannot alter the synchrony of the volley it is also unable to 
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increase the mechanical twitch. It appears, then, that all the effects of adding 
the wrist stimulus are due to changes in synchronization, for if the shock is so 
timed that synchronization is unaffected, the mechanical response as well as 
the action potential is of the elbow type. The precise changes produced by 
improving synchronization are a higher and also a later peak, and flattening 
out of the hollow falling phase. The rate of rise of the first half of the rising 
phase is unaltered. Such effects are quite contrary to ordinary expectations, 
for whereas it is commonplace that a dispersed volley results in a smaller and 
broader action potential there seems no very good reason why the passage of 
slightly asynchronous action potentials over the fibres of a muscle should 
cause a considerable alteration in the mechanical twitch they trigger off. 


Artificial desynchronization 

The truth of the conclusions just reached can be confirmed in a simple and 
quite different way. Two stimulating electrodes are placed about 4 cm apart 
on the ulnar nerve above the wrist. Stimuli are applied simultaneously, that 
to the proximal electrode (furthest from the muscle) being maximal and 
always in circuit. Mechanical and electrical responses are the same, apart 
from a latency difference of about 1 msec, when there is either a maximal 
stimulus or no stimulus at all through the distal electrode. With a half 
maximal stimulus to the distal electrode a partial volley descends to the 
muscle. A similar volley ascends and meets a maximal volley coming from 
the proximal electrode. Mutual cancellation occurs except in those fibres 
which were not stimulated by the distal electrode. In those fibres, i.e. about 
half the total, a volley descends to the muscle and arrives about 1 msec after 
the first. The number of impulses in the motor volley is not altered, but by 
this manoeuvre they have been desynchronized into two half-volleys separated 
by 1 msec. The mechanical response is reduced in height and changed in 
shape, the reduction being greatest when the volley is divided into equal 
parts. The reduced twitch has an earlier peak and a quicker falling phase, 
but the initial rate of rise is the same (Fig. 4A). When a reduction is brought 
about by stimulating with a single submaximal shock (Fig. 4B) the shape of 
the twitch is little changed, the various parts being reduced in about the same 
proportion. At times the reduction in the twitch by desynchronizing has 


alteration in the timing of impulses in a volley can have so large an effect on 
the mechanical outcome. The previous conclusions on volleys dispersed by 
traversing long stretches of nerve are thus fully substantiated, for it is 
extremely difficult to see how the present mode of stimulation could act 
except by desynchronizing, and the resulting alterations in the twitch are of 


the same nature as those found when the volley travels from the elbow instead 
of the wrist. | 


amounted to 30%. It is certainly very striking that an apparently so trifling — 
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The same experiment has been performed on the tibialis anterior of the cat 


after all other muscles had been put out of action by nerve section. The 
stimulating electrodes were silver wires on which the nerve was laid under 


paraffin, the cathodes being 3-4 cm apart. The records obtained demonstrate 
more clearly than the human records the difference in shape of the twitch 
when it is reduced by desynchronizing, as compared with the roughly equal 
reduction of all parts with a submaximal shock (Fig. 5). 


A | B C 


Fig. 4. Artificial desynchronization. A, twitch due to a single maximal shock compared with that 
following a desynchronized volley. B, maximal twitch compared with one reduced by making 
the single shock submaximal. Time markers for A and B, 10 and 100 msec. C, action 
potentials during artificial desynchronization, namely: maximal stimulus at distal electrode 
only, at proximal only, at proximal together with half-maximal at distal, this half-maximal 
stimulus alone. Time markers in C, 1 and 10 msec. 


A 


Fig. 5. Artificial desynchronization in the cat's tibialis anterior. A, maximal twitch and one 
reduced by desynchronization; B, maximal and submaximal twitches from single shocks. 
Time markers, 10 msec (faintly) and 100 msec. 


The electrodes do not necessarily have to be close together in order to perform artificial 
desynchronization. With one at the elbow and one at the wrist the same effect is obtained by 
making the wrist stimulus half-maximal. This observation has already been referred to. Double 
stimulation at wrist and elbow can thus be a complex affair; during maximal stimulation at the 
elbow as the (simultaneous) wrist stimulus is increased in voltage the twitch at first decreases in 
size due to artificial desynchronization, then regains its original size and finally becomes larger 
than with the elbow shock alone because a maximal wrist shock improves the synchrony. It was 
consideration of this easily demonstrated but somewhat baffling sequence that first turned 
conjecture to the dispersion or otherwise of the motor volley. 


If the two shocks are not put in simultaneously, but with the stimulus 
nearer to the muscle first lagging and then leading, it is possible to alter the 
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interval between half-volleys from zero up to a little more than twice the 
conduction time between electrodes, before double stimulation of some fibres 
occurs. When this is done it is found that the reduction of the twitch due to 
desynchronization is at its greatest when the volleys are separated by only 
0-8 msec or even less. With electrodes at wrist and elbow the largest possible 
separation of half-volleys is about 10 msec, but as the interval is increased 
from 0-8 to 10 msec there is no alteration in the twitch that cannot be 
accounted for by mechanical dispersion. From this it is clear that the phe- 
nomenon is concerned with synchronization rather than desynchronization. 
The two half-volleys behave quite independently until they are within 
0-8 msec of each other; at shorter intervals they interact to give an un- 
wontedly large twitch. 


Fig. 6. The effect of exercise on desynchronization and on twitch form; A, B and C before, 
D, E, and F after, exercise. A, D and F, twitches with and without desynchronization; A, 
before exercise; D, immediately after 20 sec exercise, circulation occluded; F, shortly after 
removal of the occluding cuff. In each the smallest twitch is the response to the half-volley 
from the electrode nearer to the muscle, given alone. B, C and E, series of twitches with 
progressively decreasing shock strength from maximal down to threshold; B, before exercise ; 
C, a similar series from another experiment taken on a slower time base to show more clearly 
the changes in form; E, after exercise, circulation occluded (taken just after D). Time 
markers, 100 msec. 


The effect of exercise: If the muscle makes a strong voluntary contraction 
lasting more than 10 sec the effect of artificial desynchronization temporarily 
disappears. To record this clearly it is convenient to prevent recovery by 
arrest of the circulation with a blood-pressure cuff. Such an experiment is 
shown in Fig. 6A and D. After maximal voluntary efforts of 10-30 sec 
duration the twitch height is increased by post-tetanic potentiation; more 
prolonged contraction leads to a reduction due to fatigue. In Fig. 6 the 
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duration of contraction was chosen so that the twitch tension should be 
approximately the same before and after, but this is in no way necessary to the 
demonstration. In this experiment after removal of the cuff considerable post- 
tetanic potentiation was uncovered and at that time the aecabadie ties effect 
was (relatively and absolutely) greater (Fig. 6F). Some part of post-tetanic 
potentiation as ordinarily elicited by single synchronous volleys (Brown & 
von Euler, 1938), may therefore be an augmentation of the synchronization 
effect, but a large potentiation may be obtained (e.g. immediately after a 15 sec 
contraction) at a time when no synchronization effect can be detected. 

Tetani. It had been suspected that the reputed weakness of voluntary contractions as com- 
pared with tetani excited electrically might be due to the asynchronous nature of voluntary 
excitation. It is found, however, that a rapid tetanus of desynchronized volleys does not differ, 
except initially, from one made up of synchronous volleys. Furthermore, if measured carefully, 
the tension exerted in voluntary efforts and in maximal tetani turns out to be the same (Merton, 
1954). 


Interaction in single submaximal twitches 

If it is true, as stated above, that the two half-volleys in an artificial 
desynchronization experiment behave independently when they are more than 
0-8 msec apart, it can be inferred that the twitch response to a single half 
volley should be just half the desynchronized twitch. In the human it is not 
possible to be certain that the two half-volleys are exactly equal, so it cannot 
be confirmed directly that the peak tension to a single half-volley is half that 
due to the two. However, it can readily be seen that the peak time and the 
total duration of the half-twitch are effectively the same as in the (maximal ) 
desynchronized twitch. The comparison is shown in Fig. 6A and F. In Fig. 6A 
the small twitch is rather more than half-maximal and so lasts a little longer 
than the desynchronized twitch; in Fig. 6F the reverse has occurred; but the 
general proposition that peak times and durations of these two types of 
twitch are the same is sufficiently established. These observations on the shape 
of a single half-twitch reinforce the view that it is merely one independent half 
of a desynchronized twitch. 

The shorter rising time and total duration of a half-maximal twitch is 
only one stage of a continuous decrease in both these parameters that can be 
observed if a single (synchronous) maximal shock is progressively reduced in 
strength (Fig. 6B, C). For several years I have attributed these changes to 
inadequacies in the technique of recording human mechanical responses, but 
it is now apparent that they are in reality due to a diminishing degree of 
synchronous interaction between fibres as fewer are excited. Interaction can 
be prevented either by stimulating groups of fibres asynchronously, or by not 
stimulating some groups at all. 

After exercise sufficient to abolish the effect of desynchronization (Fig. 6 D) 
the changes in rising time and duration of single submaximal twitches also 
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vanish (Fig. 6E). This is strong confirmatory evidence that such changes are 
due to a varying degree of interaction and not to inferior recording condi- 
tions. 


DISCUSSION 


A reduction of the mechanical response by asynchronous stimulation was 
investigated by Rushton (1932) in the frog’s sartorius muscle. The effect was 
first observed in experiments in which some of the muscle fibres were stimulated 
directly, and the others a few milliseconds later through the nerve. But it 
could also be obtained after curare when direct stimuli were applied to the 
two ends of the muscle. The mechanical response was smaller when the 
stimuli were not simultaneous than when they were. The explanation was 
thought to be that many of the muscle fibres in the sartorius do not run the 
whole length of the muscle but are joined to others in the belly of the muscle. 
If all the fibres are not excited at once, some of the short fibres when they 
contract will at first find the fibres in series with them are passive and offer 
little resistance to stretching. A muscle fibre which is allowed to shorten, even 
if the shortening is soon arrested, does not develop its full tension; as a result 
of this many fibres will give a smaller contribution with asynchronous 
excitation. 

A similar explanation could obviously account for the present results, but 
there are strong grounds against it. An effect due to waste in passive stretching 
should increase continuously as asynchrony increases, but, as has been shown, 
the reduction in these experiments is at its greatest when the two half-volleys 
are separated by only 0-8 msec or even less. Such behaviour is patently 
inconsistent with an explanation in terms of passive stretch of other fibres, 
but a modified version could be made to work in which the two ends of 
a single fibre are supposed to be supplied by different motor nerves. In this 
case passive stretch occurs in the active fibre itself when one end is excited 
before the other. The contraction wave as it propagates will stretch the part 
of the fibre it has not yet reached. The interval of 0-8 msec would represent 
the time taken for the action potential to travel from one end-plate to the 


other, for clearly no improvement in performance would result unless the — 


motor impulse arrived at the second end-plate before the muscle action 
potential from the first. An objection, although not perhaps a conclusive one, 
can be found to this suggestion also. If the suggestion were true then at long 
intervals between the two half-volleys the muscle fibre should have recovered 
from the action potential set up by the first half-volley by the time an impulse 
in the second arrives at the other end-plate 10 msec later. The fibre would 
then be excited again. In this way it should be possible to excite some of the 
muscle fibres twice, although all the motor fibres were stimulated only once. 
But no sign of a rise in the twitch tension with long intervals between half 
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volleys was ever observed, although 10 msec (less 0:8 msec for conduction) is 
ample time for the muscle to recover from the refractory period. The proposed 
explanation therefore fails. 


This experiment also makes it most unlikely that individual muscle fibres are supplied (in 
significant numbers) from two different motor nerve fibres, a question recently reviewed by 
Tiegs (1953). The evidence in this case is, however, less compelling, for it might be argued that, 
owing to some peculiarity of anatomy or excitability, the pairs of nerve fibres supposed to be 
engaged in multiple innervation were always stimulated together. If they cannot be segregated 
into the two half-volleys the present method would fail to detect them. This objection cannot 
apply to the reduction of the twitch by mechanical interaction, for the very essence of this 
proposal is that each end-plate is excited by a different half-volley. Mechanical interaction is 
therefore more rigidly excluded than is double innervation. 

An alternative possibility is that neuromuscular block normally exists in 
a proportion of the fibres as Adrian & Lucas (1912) demonstrated in the frog. 
It could be supposed that when the muscle is stimulated by a maximal 
asynchronous volley some of the fibres do not contract, but for some reason 
a highly synchronous volley can break through the block and a bigger con- 
traction results, Such a hypothesis will have difficulty explaining the changes 
in form of the twitch, for we have seen that slightly reducing the number of 
fibres taking part in a twitch does not greatly change its form. Study of the 
action potentials seems to rule out the possibility altogether, for the smaller 
size of the asynchronous potential can be accounted for quantitatively. In 
the action potential illustration, Fig. 4C, of the artificial desynchronization 
experiment the two largest potentials with a latency difference of about 
1 msec are the responses to maximal stimulation at each electrode separately. 
The desynchronized potential lies between them, and is the result of a maximal 
shock at the proximal electrode given together with a half-maximal shock at 
the distal electrode. The latter is also recorded alone (the smallest potential). 
Assuming that action potentials sum algebraically and that the distal shock 
is exactly half-maximal, the asynchronous potential should be the same as the 
sum of two half-maximal potentials separated by the conduction latency; 
that is, it should be the algebraic mean of the two maximal potentials re- 
corded. It is obvious that it is approximately so. The possibility can thus be 
excluded that 15-20% of the fibres fail to respond to an asynchronous volley. 
Neuromuscular block does not therefore appear to play a significant part in 
the phenomenon. 

To summarize the position reached, it has been shown that a synchronous 
volley gives rise to a longer and a larger twitch. It might be that some of the 
muscle fibres are not excited by an asynchronous volley, but this has been 
shown to be most improbable. Since all the fibres are excited in each case it 
follows that in a synchronous twitch they must individually develop a larger 
tension. The first possibility is that in both cases the contractile response is 
set going in each fibre in the ordinary way but in an asynchronous twitch 
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mechanical interaction occurs in the muscle in such a way as to waste the 
contraction and reduce the tension, Half a millisecond is a very short time 
for sufficient interaction to occur between twitches lasting more than 100 msec. 
Furthermore, the only simple way of wasting the contraction, namely by 
stretching passive series elements, cannot be fitted in with the facts. If these 
conclusions are correct, that all the fibres contract and do not waste their 
contraction by mechanical interaction, it follows that in the synchronous 
twitch the contraction is not set going in just the ordinary way, but is larger 
from the start. Synchronous action potentials apparently trigger larger 
mechanical responses in each fibre than asynchronous potentials, a conclusion 
that contradicts certain incautiously worded statements of the all-or-none 
principle. 

Electrical interaction. The only apparent difference between synchronous 
and dispersed action potentials which might account for theit varying potency 
in triggering the contractile mechanism is conduction velocity. Synchronous 
potentials should be conducted more slowly (Katz & Schmitt, 1940). This is 
because their action currents are attempting to circulate simultaneously in 
the extracellular fluid, and this is equivalent from the point of view of the 
individual fibres to raising the external resistance, so that they conduct more 
slowly (Hodgkin, 1939). Such a slowing is only to be expected if the interval 
between action potentials in neighbouring fibres is of the order of the spike 
duration. The hypothesis therefore offers a very satisfactory explanation of 


why the synchronization effect i is only apparent if the dispersion is less than 
0-8 msec, 


If synchronous potentials are conducted more slowly the form of their recorded action potential 
should be modified. The artificial desynchronization experiment (Fig. 4C) shows a discrepancy 
that may be due to this cause. We have already seen that if the two half-volleys are equal (and 
do not interact) the asynchronous potential should be the mean of the two synchronous potentials. 
In general, whatever the relative sizes of the two ‘half-volleys’, the asynchronous potential 
should always lie between the other two, even if not in the mean position. In the limit where the 
two maximal potentials meet or cross, the asynchronous potential should also pass through the 
meeting or crossing point. It can be seen in Fig. 4C that it does not do so, passing slightly above 
the first crossing and somewhat less above the second. Such discrepancies are magnified by 
exercise and have regularly been observed in more than twenty experiments. They can only 
mean that the component potentials which sum to give the synchronous potential are indi- 
vidually smaller in the first phase and larger in the second than when excitation is asynchronous. 
With surface leads such a difference is consistent with slower conduction. (The discrepancies 
case both phases increase or diminish together.) 


Hull’s ‘active state’. The alterations in the shape of the twitch caused by 
more synchronous excitation suggest that the underlying change is a pro- 
longation of the intrinsic ‘active state’ (Hill, 1949). In this theory the 
contractile process (‘active state’) is switched on fully at the start of a twitch 
but soon begins to fall off. The muscle, which cannot shorten instantaneously 
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owing to its viscous properties, does not have time to stretch the series elastic 
element (tendon, etc.) fully, before the active state decays. The twitch tension 
is therefore much smaller than the tetanic tension (which is equal to that of 
the fully-switched-on active state). If the series elastic component is increased 
the twitch is further reduced in height, its rising phase slowed and the peak 
delayed. Hill’s theory thus provides additional grounds for rejecting the 
suggestion that in desynchronized twitches the contraction may be wasted 
by stretching passive series elements, for in these twitches the rising phase 
is not slowed and the peak comes earlier and not later (Fig. 5A). Rather, 


the fact that the early rising phases of both synchronous and desynchronized 


twitches are identical implies that in both the active state is fully switched on 
at the beginning, but in the synchronous twitch lasts longer at its full value 
before falling off. Similar arguments have been advanced by Goffart & 
Ritchie (1952) in the potentiation of the twitch by adrenaline, which is of just 
the same type. Why slower action potentials should trigger off a longer active 
state is quite unknown, but it is of interest that in adrenaline potentiation 
also the conduction of muscle action potentials is slowed (Brown, Biilbring & 
Burns, 1948). A causal relationship between reduced conduction velocity and 
prolongation of the twitch was considered and rejected by Goffart & Ritchie. 
They did not, however, entertain the possibility that a slower action potential 
might, as it went along the fibre, call up a longer active state. This hypothesis 
is attractive not only because it brings together the synchrony and adrenaline 
results, but because it offers also to make some sense of the correlation which 
seems to exist in the animal kingdom between the speed of action of a con- 
tractile tissue and the velocity of its action potential. 


SUMMARY 


1. The mechanical twitch of adductor pollicis elicited by a maximal volley 
from the wrist is larger and lasts longer than when the volley is set up at the 
elbow. This is shown to be because the wrist volley is more synchronous, the 
elbow volley suffering temporal dispersion in its journey down the forearm. 

2. A maximal volley can be split into half-volleys by a technique of double 
stimulation; such an artificially desynchronized volley has the same effects 
as one dispersed by conduction from a distance. 

3. When the time relation of two half-volleys is altered it is found that no 
increase in effect occurs when they are more than 0-8 msec apart; at longer 
intervals they behave quite independently. Hence the phenomenon is one of 
interaction occurring only in highly synchronized volleys. 

4. Interaction diminishes not only during asynchronous excitation, but 
also when the total number of fibres involved in a twitch is reduced. Thus 
submaximal twitches are briefer than maximal twitches. 
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5. A few seconds’ exercise of the muscle temporarily abolishes both the 
synchronization effect and the differences in duration between large and small 
twitches. 

6. The very short times involved, taken with othe evidence, are thought 
to rule out a mechanical explanation of the synchronization effect. 

7. Measurement of action potentials excludes the presence of neuromuscular 
block, but it reveals an interaction between individual action potentials. The 
velocity of propagation along the muscle fibres is thought to be decreased 
with synchronous stimulation. 

8. The taller and later peak of the synchronous twitch implies that Hill’s 
‘active state’ is prolonged. A causal relation between slower propagation and 
longer active state would explain the results. 


These experiments were mainly done in 1948 and owed much to the guidance and encourage- 
ment of Dr E. A. Carmichael. I am also indebted to Dr W. A. H. Rushton for his effective 
criticism of a draft of this paper. 
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THE MECHANISMS OF MOTOR END-PLATE DEPOLARIZATION 
DUE TO A CHOLINESTERASE-INHIBITING DRUG 
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Many cholinesterase-inhibitors are stated to have a direct acetylcholine-like 
action as well as an action due to the preservation of acetylcholine normally 
destroyed. The widespread use of such drugs in analysing the functions of 
acetylcholine in the body depends for its validity on knowledge about such 
direct action. For such an action might be attributed erroneously to acety!- 
choline; and criticisms have been levelled at analyses involving the use of 
anticholinesterases for this reason. | 

In this paper we have chosen TEPP (tetraethylpyrophosphate) for study, 
because it is one of the strongest and most commonly used alkyl-phosphate 
cholinesterase inhibitors, and we have analysed its effects at the neuro- 
muscular junction. A preliminary account of this work has already been 
published (Douglas & Paton, 1951). 


METHODS 
Cats anaesthetized with chloralose (80 mg/kg intravenously after induction with ethyl chloride 
and ether) were used in all experiments. The trachea was cannulated. Intravenous injections were 
made through a cannula in the jugular vein. 

For experiments on the depolarization of the motor end-plate, the method of Burns & Paton 
(1951) was used. The cat’s gracilis was exposed and enclosed in a paraffin bath formed from skin 
flaps, and its motor nerve tied and cut. The spatial distribution of electrical potential along a 
length of the muscle which contained suitable end-plate regions was recorded as follows: a scanning 
electrode was made to traverse the region chosen 15 times a minute and an indifferent electrode 
was placed on the tendon. The potential difference between the electrodes was applied to the 
Y-plates, and the movement of the scanning electrode (after conversion to a potential change) to 
the X-plates, of a cathode-ray oscilloscope. Supramaximal shocks of 0-5 msec duration were 
applied to the tied motor nerve through shielded electrodes. 

For experiments on the tibialis anterior, the contractions of this muscle prepared for close 
arterial injections were recorded with a flat spring myograph on a smoked drum. 

Samples of blood (3 ml.) for assay were withdrawn from a steel cannula tied into the carotid 
artery; or through a glass cannula inserted into the splenic vein, from which portal blood could be 
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obtained by temporary occlusion of the portal vein. Assay of these samples was made on the 
eviscerate cat’s blood pressure. The samples were stored on ice before assay. Assay was made as 
soon as possible, although there was no apparent loss in acetylcholine content of a few samples in 
which the assay was repeated after standing for 1-2 hr. 


RESULTS 
The innervated gracilis muscle with tied and cut motor nerve 

The effects of TEPP on this preparation depended on the dose used. A small 
dose (100yug/kg) produced no depolarization of the end-plate zone at any 
time, but increased the magnitude and duration of the depolarization pro- 
duced by repetitive stimulation of the motor nerve. For example, in one 
experiment 33 stimuli/sec for 4 sec, which produced in a normal muscle no 
detectable depolarization (less than 0-2 mV), when reapplied 1 min after 
100 ng/kg TEPP produced a depolarization of 0-8 mV which took 4 sec to 
disappear. Twenty minutes later, the muscle responded normally. 

With a larger dose (500yug/kg), variable effects were obtained. In some 
animals no, or very little, depolarization was observed in the absence of motor 
nerve stimulation. In others, as much as 8 mV depolarization was recorded. 
But in the latter experiments the negativity did not rise to a maximum and 
fall again regularly, but after a delay of 4-1} min waxed and waned in an 
irregular manner for periods of 5-25 min (Fig. 1). Sometimes the rise and fall 
had a peculiar rhythmic character (Fig. 2). In all animals the effects of nerve 
stimulation after this dose were greatly increased and prolonged. Fig. 3 shows 
the effects of repetitive stimulation of the motor nerve, recorded immediately 
after the stimulation and for short intervals afterwards. This augmentation 
of the depolarization was still detectable, although very slight, 40-50 min 
after the injection of TEPP. 

The fact that depolarization was entirely absent in one experiment, in 
which the nerve had been tied and cut several hours earlier, showed that 
TEPP in this dose did not itself affect the end-plates. An explanation of the 
waxing and waning depolarization, when it occurred, was suggested by the 
observation that it was greatest when recent mechanical injury to the motor 
nerve to gracilis had occurred, for instance when some unusually vigorous 
fasciculations of the muscle had stretched the nerve where it was fixed to the 
stimulating electrodes. It seems probable, therefore, that the fluctuating 
depolarization sometimes seen is due to irregular discharges originating from 
points of injury of the main nerve trunk, produced in tying and cutting the 
nerve, 

With higher doses (2-20 mg/kg) the course of the depolarization is of a 
different character. Jt begins sooner after the injection, grows more rapidly, 
reaches its maximum value in a few seconds, fluctuates comparatively little, 
and soon settles to a steady or gradually declining value (Fig. 4). The duration 
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SmV 


76 sec 

68 sec 

44 sec 


10 mm 
Distance along muscle 
Fig. 1. Distribution of potential along cat’s gracilis muscle fibre after TEPP 500 ug/kg intra- 
venously. Nerve to gracilis tied and cut, Control tracing taken at zero time, when TEPP was 
injected, and subsequent records at times marked after injection (successive records have 
been shifted upwards to avoid overlap). 


4 80 120 160 200 
Time after injection of TEPP (sec) 


Fig. 2. Graph of depolarization of an end-plate region of cat’s gracilis muscle after 
_ ‘TEPP 500 ug/kg intravenously. Nerve to gracilis tied and cut. 
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Fig. 3. Tracings of end-plate depolarization produced by repetitive motor nerve stimulation 
(a) before and (6) after TEPP 500 ug/kg. (a) Before TEPP: continuous line, control record; 
dotted line, peak depolarization 8 sec after motor nerve stimulation (33/sec for 5 sec). The 
animal had had TEPP 40 min previously, and there is a slight residual effect apparent. 
(b) Effect of TEPP: lower continuous line, control record before TEPP; upper continuous 
line, record 104 sec after TEPP (no significant effect); interrupted lines, records taken 8, 24, 
72 and 286 sec (from above down) after motor nerve stimulation. 
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Time after injection of TEPP (sec) 
Fig. 4. Graph of depolarization of end-plate region of cat’s gracilis muscle after TEPP 
2 mg/kg intravenously. Nerve to gracilis tied and cut. 
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- of the depolarization is considerably increased with these larger doses, and it 


may still be detectable 1 hr after a dose of 2 mg/kg. 

There was always a distinct latency in this depolarizing action of large 
doses, and although it was briefer than with small doses, it was never less 
than 26 sec. This is at least twice as long as that preceding the action of 
acetylcholine or of decamethonium injected by the same route. These two 
substances depolarize the end-plates often within 6 sec and always within 
12 sec of making the intravenous injection. 


(a) () 


(c) 

Fig. 5. Cat, chloralose, tibialis prepared for close arterial injection. Supramaximal stimulus to 
sciatic nerve every 10 sec, intermitted at close arterial injections: (a) 0-1 mg TEPP close 
arterially; (6) 0-5 mg TEPP close arterially; (c) 2-5ug acetylcholine given twice close 
arterially, followed by TEPP 1-0 mg. 


The absence of a direct muscle stimulating effect of TEPP 

Despite the fact that both TEPP (in large doses) and directly acting com- 
pounds can produce closely similar end-plate depolarizations, there were two 
important differences between TEPP and these other substances: first, the 
effects of small doses of TEPP were quite unlike those of small doses of acetyl- 
choline or decamethonium; secondly, even with the biggest doses of TEPP 
there was a considerable latency in its action. It was therefore important to 
test more directly whether TEPP had an immediate stimulant action, by 
trying whether it could elicit an immediate contraction of the tibialis muscle 
when injected close arterially. 

The results of two experiments are shown in Fig. 5. Doses of TEPP from 
0-1 to 1 mg, injected close arterially, never elicited a twitch, although the 
muscle responded vigorously to as little as 2-5ug acetylcholine. Soon after 
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the injection of the TEPP, the usual effects of injection of an anticholin- 
esterase into this preparation were observed, i.e. fasciculation and potentiation 
of the twitch succeeded by partial or complete paralysis according to the dose. 

Thus, TEPP must be supposed to lack any significant direct muscle- 
stimulant action; if it exists it is not greater than ;¢5,th that of acetylcholine. 
But it remains to be explained how TEPP produces a depolarization of the 
unstimulated muscle in some respects so deceptively similar to that of a 
directly acting drug. The most obvious explanation was that it acts by pre- 
serving acetylcholine formed at the terminations of the motor nerve. To test 
this possibility, we carried out experiments on denervated muscles. 


6h 

| 

Time after injection of TEPP (min) 

Fig. 6. Graph of depolarization of end-plate region of cat’s denervated gracilis muscle 

after TEPP 10 mg/kg intravenously. 
The denervated gracilis muscle 


In two experiments, the effect of 500 ug/kg of TEPP on a muscle denervated 
4 and 6 days previously was hardly detectable. Stimulation of the peripheral 
stump of the nerve to the muscle, or of the muscle itself in the neighbourhood 
of the end-plate zone, in both experiments failed to cause any depolarization 
and confirmed that significant acetylcholine release from nerve elements in 
the muscle was absent. But in these animals and in each of two others, 
depolarization occurred with large doses of TEPP (10-20 mg/kg). This 
depolarization was much slower both in onset and in rate of rise, and smaller 
than in the innervated preparation (Fig. 6) and in degree was roughly com- 
parable to that produced by 1 mg/kg TEPP in the normal muscle. It was clear 
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that large doses of TEPP could cause depolarization of the muscle even in the 
absence of motor nerve fibres as local sources of acetylcholine. The absence of 
any fluctuation in the course of the depolarization in these denervated muscles 
supported our belief that the fluctuating component with the normally 
innervated muscle was due to motor nerve activity. 

There is good reason to believe that any changes at the end-plate due to 
denervation would favour the demonstration of a direct action by TEPP, 
since denervation is known to sensitize a muscle to acetylcholine. Neverthe- 
less, we did a further experiment, on a 2-day denervated muscle, in the hope 
of obtaining a preparation with functionless motor nerve, in which any change 
in sensitivity produced by denervation would be as small as possible. We 
found, however, that although no obvious contraction resulted on nerve 
stimulation, this preparation was not completely denervated, since repetitive 
stimulation of the motor nerve at 33 shocks per second produced a transient 
depolarization, which in the presence of TEPP amounted to as much as 4 mV. 
It seems, therefore, that actions independent of functional motor nerves 
cannot be obtained much earlier than with the 4-day denervation we have 
studied. 

These experiments, then, showed that the effect of smaller doses of TEPP 
(< 500 ng/kg) requires the integrity of the motor nerve fibres, but that with 
larger doses (10-20 mg/kg) an additional process may come into play, detect- 
able with denervated muscle. Since it is in this additional mechanism alone 
that any direct action of TEPP must reside, it was analysed further. 


Presence of acetylcholine in the blood after TEPP 

What was most striking about the response of the denervated muscle was 
the delay in onset of the depolarization and its slow, smooth, steady rise. This 
seemed most unlike a direct action; rather it suggested to us the course of 
events seen if an isolated tissue such as the intestine is exposed to anticholin- 
esterase, when endogenous acetylcholine gradually exerts its effect as it 
progressively accumulates. 

Since local sources of acetylcholine could be discounted in the denervated 
preparation, this acetylcholine could accumulate only from other sources and 
should therefore appear in the blood. Estimates of the acetylcholine equivalent 
of the blood after TEPP were made in six experiments. Blood (1 ml.) before 
injection of TEPP, had no depressor action whatever on the blood pressure of 
a second cat. But shortly after injection of TEPP, and for some time later, 
the blood of the poisoned animal possessed considerable depressor activity. 
This closely resembled that produced by acetylcholine, and was abolished by 
small doses (0-05 mg) of atropine injected into the assay cat. It could not be 
ascribed to the presence of TEPP in the blood because at the time when the 
TEPP concentration would be at its peak, i.e. immediately after the injection, 
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no depressor activity was present, and it only appeared after a distinct latency 
(see below). Further experiments to establish that the depressor substance 
was in fact acetylcholine seemed unnecessary in view of these facts and of the 
conditions of its appearance (i.e. after the injection of an anticholinesterase). 
The assay of the acetylcholine equivalent of the blood was complicated by 
the presence of atropine (about 100ug/kg) which had to be given to the 
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Fig. 7. Cat, chloralose, blood pressure. (a) Effect of injection of 0-5 ml. blood drawn from cat 
treated with TEPP 10 mg/kg and atropine 0-1 mg/kg on blood pressure showing immediate 
depressor response and antagonism to subsequent test doses of acetylcholine. (b) Effect of 
a dose of atropine, which antagonizes a subsequent response to acetylcholine as in (a), on the 
response to acetylcholine given simultaneously. 

poisoned animal to prevent complete circulatory collapse. This atropine was 

recognized in the assay sample by its causing a temporary reduction of the 

effects of subsequent test doses of acetylcholine (Fig. 7a), and an attempt was 
made to estimate how far it was reducing the depressor activity of the blood 
samples containing it. We found that quite small quantities of atropine 

(0-1-1 zg), which produced a significant reduction of the effect of subsequent 

doses of acetylcholine, could exert a considerable antagonism to the depressor 

effect when given simultaneously with the acetylcholine (Fig. 7). It did not 
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prove possible, however, from experiments of this sort, to estimate how much 
atropine was present in a given blood sample, and hence its true acetylcholine 
content, with anything like the required accuracy. We have, therefore, given 
the apparent acetylcholine content of the blood samples as though they con- 
tained no atropine, and consequently our values are underestimates. 


12 sec 36 sec 


Smug ACh 10mpg ACh  20mpg ACh 


j 
1 min 


Fig. 8. Cat, chloralose, blood pressure. Depressor activity of blood samples from a donor cat 
given 10 mg/kg TEPP intravenously. Samples taken at various times after injection, as 
marked. All samples | ml. volume, except at 5 min, when it was 0-5 ml. For comparison, 
responses to 5, 10 and 20 myg acetylcholine are shown. 


In each of the six experiments carried out in three animals, acetylcholine 
was detected in the blood soon after the injection of 10 mg/kg TEPP. Measur- 
able amounts could not be found until 48 sec had elapsed; but thereafter the 
acetylcholine content of the blood rose rapidly, and then more slowly, to 
reach a peak value of 35 myg/ml. in 5 min (Fig. 8). Subsequently the acetyl- 
choline diminished until none, or a trace only, was detectable an hour after the 
injection of TEPP. The train of events could be quite closely reproduced by 
injecting a second dose of TEPP. 
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A few experiments were made on the source of the acetylcholine. Repetitive 
stimulation of the vagus nerve or of the sciatic nerves failed to produce 
significant increases in the blood acetylcholine level. Donomae (1934) found 
that, after eserine, small amounts of acetylcholine (5-50 myg/ml.) could be 
demonstrated in the portal blood, and traces in the systemic blood. We have 
done two similar experiments (one shown in Fig. 9) with simultaneous esti- 
mates on systemic and portal blood, in which the values for portal blood 
(40-60 myg/ml. peak value) were roughly twice as high as those for systemic 
blood (20-30 myg/ml. peak value). Considering the large contribution which 
the viscera make to the total venous return of the body, it is clear that they 
must be an important source of the acetylcholine appearing in the blood. But 
the presence of the viscera is not essential for high blood levels of acety]- 
choline. In two animals, the highest acetylcholine equivalents observed after 
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Fig. 9. Graph of acetylcholine content of portal and systemic venous blood of cat, 
after injection at zero time with TEPP 10 mg/kg intravenously. 


a first dose of 10 mg/kg TEPP were 20 and 35 myg/ml. blood. After the © 


disappearance of the acetylcholine the animals were eviscerated, and a second 
dose of TEPP given following which acetylcholine reappeared in the blood 
in comparable amounts (up to 40 and 36 myg/ml.). | 

The time-course of the appearance of acetylcholine in the blood was similar 
to that of the depolarization of the end-plate region in denervated muscle. We 
did not make simultaneous measurements of blood acetylcholine and end- 
plate depolarization, but the likeness in the time-course can be seen in Fig. 10. 
Furthet, as already described, both depolarization and the appearance of 
acetylcholine have distinct latent periods of 30 sec or more (cf. Figs. 6 and 8). 
In some experiments, it was observed that the cardiovascular effects of a large 
dose of TEPP also occurred only after a distinct latency, although the de- 
pressor effect when it came was rapid and profound (Fig. 11). 
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1 min 


0 10 
Time after injection 
. 10. Comparison of time-course of end-plate depolarization of denervated gracilis muscle 
i. (in one cat) with rise and fall of acetylcholine in the blood (in a second cat) after injection of 


Fig. 11. Cat, chloralose, blood pressure. Effect of 10 mg/kg TEPP on blood pressure, showing 
a latency of 30 sec before depressor response. 
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Repeated doses 
All the effects of TEPP which we have described can be obtained repeatedly 
in one animal. The intervals with which TEPP may be given depend on the 
dose used: thus doses of 500 ug/kg can be repeated every 30 min, whereas the 
effects of a dose of 10-20 mg/kg do not pass off for 1-14 hr. The disappearance 
of end-plate depolarization and the restoration of approximately normal 


electrical response to stimulation of the motor nerve are accompanied by - 


a corresponding reappearance of normal neuromuscular function. For instance, 
even after the largest doses, spontaneous respiration reappears as end-plate 
depolarization passes off. 

Certain important differences do, however, exist between the effects of 
successive injections. The first injection of a given dose has a greater and more 
prompt effect than any later one. With smaller doses of 500 ug/kg this might 
have been due to a gradual cessation of random discharges in the tied motor 
nerve, But this attenuation of the response also occurred with large doses, 
both in normal and in denervated muscle (Fig. 12a, 6). The amount by which 
the response decreased was by no means constant; normal and denervated 
muscle did not differ significantly in this behaviour. The other general effects 
of TEPP poisoning, such as convulsive movements of the animal and fascicula- 
tion of its muscles, also diminish with repeated doses. 


Depolarization caused by injected acetylcholine after TEPP 
If acetylcholine be given after TEPP, at a time when the depolarization 


due to the TEPP itself has partly subsided, depolarization re-occurs which is 


indistinguishable in spatial distribution from that originally seen due to TEPP 
alone (Fig. 13). The opportunity was also taken to determine the amount of 
acetylcholine, injected intravenously, required to produce depolarization of 
the end-plate after a large dose of TEPP (10 mg/kg). It was found that 
10 g/kg acetylcholine gave a considerable depolarization (Fig. 13); smaller 
doses gave smaller effects and a response to as little as 1 ug/kg was easily 
detectable. The depolarization resulting from 10ug/kg began 6 sec after the 
injection, but did not reach its maximum until 80 sec later; after this, the 
depolarization only waned over a period of about 10 min. 


Effect of p-tubocurarine 
If we argue correctly in attributing the effects of TEPP at the neuro- 
muscular junction to acetylcholine, then these effects should be opposed by 
p-tubocurarine. We have tested the action of p-tubocurarine on the depolariza- 
tion which results from TEPP alone or from motor-nerve stimulation in the 
presence of TEPP. The effect of p-tubocurarine (1 mg/kg) on the end-plate 
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Fig. 12. End-plate depolarizations with successive doses of TEPP (10 mg/kg repeated at 1-1} hr 
intervals). (a) Three successive responses occurring in a gracilis muscle, the nerve to which 
had been tied shortly before recording. (5) Three successive responses occurring in a gracilis 
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muscle denervated 4 days prior to recording. 


Fig. 13. Cat, chloralose. Distribution of potential in gracilis denervated 4 days previously. 
TEPP 10 mg/kg given 13 min previously, and approximately steady state of depolarization 
reached (a). Superimposed on this are effects obtained with acetylcholine. The first response, 
to 1 ug/kg acetylcholine, is shown by the dotted lines superposed on (a). The second response, 
2 min later, to 10 ug/kg acetylcholine, is shown by (5) and (c), 8 and 80 sec after the acety!- 
choline injection. 
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depolarization caused by 10 mg/kg TEPP is shown in Fig. 14. The injection of 
p-tubocurarine obviously increased the rate of repolarization of the end-plate, 
so that it was electrically normal in less than one-third the time usually 
required. A further dose of p-tubocurarine (5 mg/kg) prevented any depolari- 
zation at all by 10 mg/kg TEPP (Fig. 14), although in the uncurarized animal, 
a large and prolonged depolarization invariably followed each dose of TEPP 
of this magnitude. At this stage it might be questioned whether the end-plates 
were still capable of being specifically depolarized. This could not be tested by 
nerve stimulation in the presence of D-tubocurarine; but by giving a sufficiently 
large dose of decamethonium (10 mg/kg) a typical end-plate depolarization of 
8-5 mV was obtained. 


D-Tc, 10 mg/kg 
124} 
11 
8 
7 
6 
5 
D-Tce.  TEPP 
2 Smg/kg 10 mg/kg 
| 
0 10 20 30 4” 50 60 70 80 0 5S 10 15 20 25 
TEPP, 10 mg/kg Time (min) C.10, 10 mg/kg 


Fig. 14. Graph of end-plate depolarization produced (a) by TEPP 10 mg/kg, followed by p-tubo- 
curarine 1-0 mg/kg; (6) by TEPP 10 mg/kg, after 5 mg/kg pv-tubocurarine, 50 min later; 
(c) by decamethonium (C. 10) 10 mg/kg, 30 min later. 


The antagonism of p-tubocurarine to the effects of small doses of TEPP was 
seen most clearly by comparing the depolarizations produced by repetitive 
stimulation of a motor nerve before and after D-tubocurarine. One experi- 
ment is illustrated in Fig. 15. After 500 g/kg TEPP, three periods of stimula- 
tion at 33 shocks per second were given within 8 min, a time within which 
successive excitations had been found to produce comparable depolarizations. 
The second stimulation was given after 0-5 mg/kg p-tubocurarine, and the 
third after a total of 2-0 mg/kg p-tubocurarine. The depolarization from the 
second stimulation had a peak value *:::*. more than half that of the control, 
and a total duration less than a third as long. The depolarization after the 
third stimulation was still further reduced both in magnitude and duration. 
One interesting observation was made in an experiment in which a depolari- 
zation produced by TEPP had been reinforced by acetylcholine (500g). In 
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this experiment, the depolarization not only collapsed after the injection of 
p-tubocurarine, but for a period the end-plate regions became positive with 
respect to the immediately adjacent regions, the latter still being negative to 


Time (sec) 


gracilis (38/sec for 5 sec) after TEPP (500 ug/kg): (a) 1 min after TEPP, before p-tubo- 
curarine; (b) 4 min after TEPP, 1 min after 0-5 mg/kg p-tubocurarine; (c) 9 min after TEPP, 
2 min after 1-5 mg/kg D-tubocurarine. 


10 mm 


Fig. 16. The effect of p-tubocurarine on depolarization caused by acetylcholine (500 yg) in the 
presence of TEPP (10 mg/kg given 5 min previously). Denervated gracilis. (2) Depolarization 
caused by acetylcholine and TEPP. Immediately after this p-tubocurarine (5 mg) was 
injected. (b), (c) and (d) show the effects 116, 328 and 388 sec after p-tubocurarine. The 
dotted line superimposed on (d) is the effect of injecting a further dose of acetylcholine 
(500 yg). 


the reference electrode (Fig. 16). There was no doubt that these now relatively 

positive regions corresponded to the end-plate zones since a further dose of 

acetylcholine elicited a typical depolarization centred on the points previously 
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of maximum positivity. This observation is exactly analogous to that made with 
p-tubocurarine given in the presence of a depolarization by decamethonium 
(Burns & Paton, 1951). 
DISCUSSION 

Our experiments have shown that TEPP lacks any direct action at the neuro- 
muscular junction. Its depolarizing action has a latency invariably longer 
than that of known directly acting drugs (such as acetylcholine or deca- 
methonium), and it does not elicit a twitch of the tibialis when given in large 
dose by rapid close arterial injection. All the effects of TEPP which we have 
observed can be ascribed to inhibition of cholinesterase at various sites. 

With small doses of TEPP this action confines itself to a prolongation of the 
depolarization caused by repetitive stimulation, or, with somewhat higher 
doses, to the bringing to light of random nervous activity probably originating 
in the damaged nerve. The large and rapid depolarization produced by 
relatively big doses of TEPP in the innervated muscle can only be due to 
locally produced acetylcholine, since it never occurs in denervated muscle. 
Although this too might be due to injury discharge in the nerve, yielding a 
prolonged and unfluctuating depolarization because of an intense degree of 
cholinesterase inhibition, this explanation does not seem likely. We have 
already pointed out that fluctuating depolarization after moderate doses of 
TEPP was observed only in some experiments where the nerve was the object 
of relatively recent injury; but in the experiments with higher doses, prompt 
and sustained depolarization invariably followed, although care was taken to 
avoid injury of this sort. In addition, minor fluctuations in the high level of 
depolarization were sometimes seen, indicating that cholinesterase was not 
completely inhibited as this explanation requires. Two other explanations of 
this intense depolarization offer themselves: either there is a considerable 


spontaneous release of acetylcholine at the. neuromuscular junction inde- 


pendent of activity in the nerve trunk, or TEPP itself in some way causes 
a release of acetylcholine by the nerve terminals. The former explanation must 
indeed be at least partly true if the results of Fatt & Katz (1952) on frog 
muscle hold for cat muscle; spontaneous end-plate potentials of 1°, normal 
size as observed by Fatt & Katz, might rapidly build up the local depolari- 
zation described if the cholinesterase was sufficiently depleted. With regard 
to the latter explanation we have no evidence excluding the possibility that 
TEPP provokes a slow output of acetylcholine from the motor nerve, but the 
absence of a twtich on close arterial injection shows that it does not produce 
any substantial instantaneous release. 

The effects observed on denervated muscle cannot be due to any of the 
mechanisms just discussed, and cannot result from local acetylcholine pro- 
duction. But they are still attributable to the cholinesterase-inhibiting 
properties of TEPP, for the concentrations of acetylcholine circulating in the 
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blood seem quite adequate to account for the depolarization of denervated 
muscle which we observed. 

The question arises whether after the injection of TEPP sufficient acety]- 
choline appears in the blood to contribute to the depolarization of the normally 
innervated muscle. It is very unlikely that it accounts for more than a small 
part of the depolarization produced by the first dose of TEPP; the time-courses 
of the two processes are quite different. With subsequent doses, however, 
when the depolarization of the normal muscle becomes slower, its course in 
time approximates more closely to that of the blood acetylcholine, and it may 
well be attributable, in increasing degree, to acetylcholine carried through the 
blood stream rather than to acetylcholine released by local nervous activity. 
On the quantitative side, it must be remembered that the denervated muscle 
is more sensitive to acetylcholine than the normal, perhaps by a factor of 10, 
in terms of the dose required to produce equal effects, From the dose-response 
curve given by Fatt (1950) on frog muscle, and from our own observations, we 
estimate that a given dose of acetylcholine would in the normal muscle produce 
about 60-70% of the depolarization obtained in a denervated one. This 
magnitude of depolarization would not be far from that obtained in the 
normal muscle after several injections of TEPP. 


Sources of circulating acetylcholine 

The most obvious source of acetylcholine is the viscera, which are known to 
synthesize acetylcholine at a high rate (Feldberg & Lin, 1950); and in fact 
amounts between 5 and 50 myug/ml. blood have been detected in the portal 
blood of cats treated with eserine or neostigmine (Donomae, 1934). In our 
experiments, no doubt the viscera did contribute substantially to the high 
acetylcholine levels, for the portal blood contained twice as high a concentra- 
tion of acetylcholine as the systemic blood. But the appearance of acety!l- 
choline in the blood after evisceration shows that the viscera do not constitute 
the only important source. In the absence of the intestines, a total of approxi- 
mately 7-10ug acetylcholine appeared in the blood within 10-15 min. 
Although we cannot state with certainty the origin of this acetylcholine, there 
are at least two obvious sources. Activity of autonomic ganglia could certainly 
account for some of the acetylcholine, particularly if compensatory vasomotor 


activity through the sympathetic ganglia was vigorous because of the low 


blood pressure. If the acetylcholine output of the bulk of the ganglia is 
comparable to that of the perfused superior cervical ganglion, it could well be 
sufficiently great to account for the whole of the acetylcholine appearing in 
the blood after an injection of TEPP. Secondly, there is no doubt that TEPP 
initially causes an extensive motor nerve discharge of central origin, and this, 
too, must contribute to the rise of acetylcholine in the blood, especially if the 
motor nerve activity is maintained by C.N.S. convulsive action even though 
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masked by peripheral neuromuscular block (cf. Wescoe, Green, Macnamara & 
Krop, 1948). Whatever the actual details of the origin of the acetylcholine, 
its presence in the blood in the concentrations we have found makes it necessary 
to be cautious in interpreting the local effects resulting from large doses of 
cholinesterase-inhibitors given to the whole animal. One cannot confidently 
ascribe a given effect of an inhibitor to local action on an organ, if that organ 
is simultaneously exposed to high concentrations of active substances in the 
circulation. 

The effect of p-tubocurarine on the end-plate depolarization after a dose 
of TEPP corresponds to its effect on the end-plate depolarized by deca- 
methonium. In particular, the fact that p-tubocurarine produced a more rapid 
repolarization of the centre of the end-plate region than of the adjacent 
- muscle membrane, shows that this action, already described for deca- 
methonium, is not a pharmacological peculiarity of decamethonium but reflects 
either a specific ability of p-tubocurarine actively to repolarize the depolarized 
end-plate region, or a difference in behaviour between the membrane of the 
end-plate and of the remainder of the muscle membrane, when a depolarizing 
influence is removed. 

From early in vitro studies (Brauer, 1948) it was thought that TEPP 
permanently rendered cholinesterase inactive. Recent work (Grob, 1950; 
Grob, Garlick & Harvey, 1950; Hobbiger, 1951) has shown that return of 
cholinesterase activity may be observed in vitro although this occurs relatively 
slowly. However, signs of TEPP poisoning in the intact animal are of fairly 
short duration. Douglas & Matthews (1952) found that recovery from both 
the central and neuromuscular paralysing actions of a high dose of TEPP took 


_ place within an hour. 


The tests used in the present series of experiments are capable of detecting 
lesser degrees of cholinesterase inactivation at the end-plate than could be 
revealed by tests of neuromuscular transmission: depolarizations of 0-5 mV 
could be detected although 5-10 times this would be needed to affect trans- 
mission. Complete recovery of the normal behaviour of the muscle end-plate 
in its resting potential and in its response to nerve stimulation or to acetyl- 
choline, was observed to occur about 1-2 hr after ten to twenty lethal doses 
of TEPP. The fact that TEPP lacks direct end-plate stimulant action, together 
with the complete disappearance of its effects after 1-2 hr, make it a very 
useful tool in the study of neuromuscular transmission. 

The reversibility of the effects of TEPP has allowed us to study the effects 
of repeated doses in the one animal. This has brought to light the curious fact 
that successive doses produce progressively smaller and slower end-plate 
depolarizations. In the innervated muscle, in which the rapidly rising phase 
of the initial response to TEPP involves nervous elements, the reduction of 
subsequent responses may be due to diminished nervous activity, representing 
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either the normal consequence of nerve section or an action of TEPP itself on 
nerve trunk or terminations. But since the effect was also observed in the 
denervated muscle, and since blood acetylcholine levels with successive doses 
of TEPP did not decline in the same way, it seems probable that this feature 
of the action of TEPP represents at least in part an accommodation by the 
end-plate region to the action of acetylcholine. Burns & Paton (1951) made 


a similar observation with decamethonium in which the action of an anti- 


cholinesterase is not involved. This suggests a further function of cholin- 
esterase, whose importance is already recognized in allowing repeated impulses 
to be independently effective, and in preventing neuromuscular block by 
acetylcholine accumulation: if persisting acetylcholine produces an ac- 
commodation to its action, it is clearly important for the maintenance of 
continuous neuromuscular activity that acetylcholine should be removed as 
quickly as possible between successive discharges. 


SUMMARY 

1. A study has been made of the mechanisms of end-plate depolarization 
caused by the cholinesterase-inhibiting drug tetraethylpyrophosphate (TEPP) 
in the gracilis muscle of cats anaesthetized by choralose, the nerve to gracilis 
being tied and cut in every experiment. 

2. Doses of 100 ng/kg TEPP intravenously caused no depolarization of the 
end-plate regions in the absence of nerve stimulation, but potentiated and 
prolonged the depolarization caused by repetitive nerve stimulation. 

3. With 500ug/kg TEPP the effect in some cats was similar to that of 
100 ug/kg, but in others end-plate depolarization occurred in the absence of 
nerve stimulation, particularly if the nerve had been recently tied. This 
depolarization fluctuated in magnitude and did not occur in the denervated 
muscle. It is ascribed to the release of acetylcholine by the endings of the 
nerve either spontaneously or by injury discharge. 

4. With 2-20 mg/kg TEPP a rapid, large unfluctuating depolarization 
always occurred about 30 sec after injection and in the absence of nerve 
stimulation. After denervation, this response to TEPP was reduced, and it is 
therefore attributed, in part at least, to activity of nerve endings in the muscle. 

5. The residual depolarization produced by TEPP in the denervated gracilis, 
although substantial, developed only slowly, reaching its maximum in about 
15 min, and declining thereafter. This effect can be accounted for by the 
accumulation of acetylcholine in the blood. 

6. Acetylcholine could be detected in the blood about a minute after 
injection of large doses of TEPP, reached a maximum concentration of about 
30-40 myug/ml. in about 15 min and disappeared about an hour after injection. 
The viscera produced much of this acetylcholine but considerable amounts 
were also obtained in the blood of the eviscerate cat. 
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7. Even with the biggest dosage of TEPP its latency of action was much 
greater than that of the directly acting depolarizing substances, acetylcholine 
and decamethonium. Moreover, unlike them, TEPP did not cause a twitch 
of the tibialis when injected close arterially in amounts sufficient to be followed 
by complete and prolonged neuromuscular block. 

8. It is concluded that the effects of TEPP at the motor end-plate are all 
attributable to acetylcholine accumulating there from local or distant sources, 
and that TEPP lacks a direct action at the end-plate. 

9. The effects of TEPP were reversible, and complete cycles of depolariza- 
tion and repolarization could be obtained at approximately hourly intervals, 
even with the largest doses. The magnitude of the end-plate depolarization, 
however, diminished with successive doses. 

10. p-Tubocurarine opposed the depolarization of the motor end-plates by 
TEPP, both preventing its appearance and hastening its disappearance. Given 
after end-plate depolarization by TEPP and acetylcholine, p-tubocurarine 
repolarized the end-plate faster than the adjacent depolarized muscle 


membrane, so that the end-plate region became temporarily positive to the 
adjacent membrane. 
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Freeman (1935) was the first to measure directly the effect of local temperature 
on blood flow in an extremity. He obtained figures for volume blood flow in 
the hand at local temperatures from 18 to 41° C and found that the curve for 
blood flow against temperature was similar to that described by Lewis (1929) 
for the effect of temperature on digital pulse volume. In the forearm Barcroft 
& Edholm (1943) established figures for blood flow using water-baths at 
different temperatures, and later (1946) extended these to the forearm in air. 

In the normal foot the resting blood flow has been measured at one or two 
local temperatures by various workers (Kunkel & Stead, 1938; Kunkel, Stead 
& Weiss, 1939; Abramson, Zazeela & Marrus, 1939; Abramson, Zazeela & 
Oppenheimer, 1939; Scheinberg, Dennis, Robertson & Stead, 1948; Hoobler, 
Malton, Ballantine, Cohen, Neligh, Peet & Lyons, 1949; Schnaper, Johnson, 
Tuohy & Freis, 1951: also by Love, 1948; Lynn & Barcroft, 1950; Barcroft, 
Konzett & Swan, 1951; using air-filled plethysmographs). The local tem- 
peratures most commonly employed were 32 and 45°C. Killian & Oclassen 
(1938), comparing the effects of water-baths and mustard-baths, measured 
blood flow in the foot of one subject at five local temperatures as a control. 
No other quantitative relationship between a series of local temperatures and 
blood flow in the foot has been published. 

The experiments presented here were therefore designed to determine the 
variation of blood flow in the human foot with variation in local temperature. 
The results have been used (i) to provide data on ‘spontaneous’ variations in 
blood flow in the human foot, and (ii) to give some indication of day-to-day 
variation in foot blood flow in one subject at the same temperature. 


* Satra Fellows. 
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METHODS 


Measurements were made on four healthy adult males aged between 25 and 30 years. The subjects 
wore normal indoor attire, less jacket. The experiments went on throughout the year in 
a temperature-controlled room. The ambient temperature for the series was 23-1 + 0-6° C; limits 
were 21-3 and 25-5° C; psychic stimuli were kept to a minimum, and recording was not com- 
menced until 2 hr after the subject’s last meal. 

At the start and finish of each experiment the foot volume was measured to a fixed mark; 
this enabled the direction and extent of volume change during an experiment to be determined. 
The actual foot volume inside the plethysmograph was measured at the end of the experiment. 
A water-displacement method was used which was accurate to within 4 ml. Brachial arterial 
pressure was measured with a sphygmomanometer before and after recording. In approximately 
half the experiments oral temperature was taken at 5 min intervals; in a small number of experi- 


ments the surface temperature of the foot was followed using a copper—constantan thermocouple. 


To inflating unit 


Fig. 1. Diagram of apparatus. The foot is inside a thin rubber sock (broken line). C, occlusion 


cuff; V, volume recorder; S, syringe for calibrating; P, centrifugal pump; H.C., heating or 
cooling unit with heater connected to thermostat, 7’. : 


The subject lay supine on a couch with the foot and ankle as far as the upper part of the malleoli 
inside the plethysmograph. A sock of thin (z}$z in.) rubber loosely ensheathed the foot, and a water- 
tight seal was obtained by stretching the top of the sock over a dam at the ankle. There was no 
pressure by the sock on the foot, and it was assumed that blood flow was not altered by this 
process, The plethysmograph was of Perspex, with internal dimensions of 29 x 15 x 14 om, and 
a capacity of 61. It was filled with water at the required temperature kept constant by an 
external heating/cooling system. A centrifugal pump circulated the water at 91./min, thus 
ensuring adequate stirring. The back of the heel was supported by a sponge rubber pad, so that 
the weight of the leg was not borne by the dam. An occlusion cuff of 4 om diameter was used, 
placed with its lower edge about 2} cm from the dam to lessen the cuff artifact. Volume changes in 
the plethysmograph were transmitted to a float recorder with a frontal writing point recording on 
a kymograph (Fig. 1). At the end of an experiment the apparatus was calibrated by injecting 
measured volumes of water into the plethysmograph, with the arterial flow to the foot occluded. 
The calibration was non-linear, as was shown by Landowne & Katz (1942), being a rectilinear 
projection from a curvilinear system. The maximum error was 3% each side of the mean calibra- 
tion value for the arc of traverse of the recording lever used. 
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A collecting pressure of 60-70 mm Hg was employed. Preliminary experiments had shown 
a plateau of maximum flow when blood flow was plotted against cuff pressure. The limits of this 
plateau varied with the plethysmograph temperature, but a pressure of 60-70 mm Hg fell within 
the plateau at all temperatures in the series, and was in good agreement with the pressure recom- 
mended by Abramson (1944), viz. 50-70 mm Hg. 

A much higher frequency of recording was employed than was used by earlier workers. The 
maximum frequency permitted by the technique, allowing three full pulse beats after the artifact 
for drawing a tangent and an equal time for the return of the vessels to resting state, is about ten 
a minute. An automatic cuff-inflating unit (Kerslake, 1949) was used. Records were taken at 
the rate of six flows a minute in experiments at higher temperatures. At moderate temperatures 
a rate of three flows a minute (i.e. 10 sec cuff on, 10 sec off) was usual. At lower temperatures, 
with a diminished blood flow, a rate of two or one per minute was employed. 

Two normal adult feet were dissected, and the proportions by volume of different tissues were 
obtained by water displacement. The feet were fresh specimens from leg amputations and showed 
no evidence of vascular pathology or wasting. 


RESULTS 
The proportions of tissues in the two feet dissected are given in Table 1. 
These figures are presented first to show that values for blood flow which 
follow, largely represent flow through skin and subcutaneous tissue. 


TaBiE 1. The proportions of tissues in two feet dissected 
Foot A, volume 1040 ml.; foot B, volume 862 ml. 
. Percentage by volume 


FootA  FootB Mean 
21-5* 12-0* 17 


Subcutaneous tissue 21-0* 27-5* 24 

10 3-7 2 
Muscle 160 14 
Bone, tendon and ligament 41-5 44-5 43 


* Accurate separation of skin and subcutaneous tissue is difficult in this type of dissection. In 
dissection of foot A much of the subcutaneous tissue and its embedded fat was left attached to 


TaBLE 2. Number and duration of experiments, timed from filling the plethysmograph 


with water at the appropriate temperature 
Length of iment No. of 
(min experiments 
120-150 10 
90-120 44 
60-90 21 
Below 60 9 


The observations on blood flow were obtained from eighty-four experiments, 
during which recording continued for varying times as shown in Table 2. 

Experiments lasting less than 60 min have been excluded from statistical 
analysis. Figures for blood flow throughout this paper are expressed in 
millilitres blood per 100 ml. tissue per minute, and temperature is in ° C. 
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Variation in the rate of blood flow during an experiment 
The blood flow in the foot was not constant during the period of recording. 
The major variation was a long-term change in flow extending throughout the 
experiment, similar to that described in the forearm by Barcroft & Edholm 
(1943) as. the ‘rise’ and ‘die-away’. This long-term change is shown in Fig. 2 
in seven experiments at different temperatures on one subject. 


nr 
44° 
ask 
~ 41° 
> 
3 38° 
35° 
20 40 60 80 100 120 


Time (min) 


Fig. 2. Subject M.J.A. Foot blood flow plotted against time during experiments at seven different 
temperatures. Each point represents the average blood flow over 5 min. 


The major variation followed one of four patterns, depending on the tem- 

perature of the water in the plethysmograph. 
- (1) At temperatures of 29°C and below, the blood flow fell steadily for 
a period. The lower the temperature, the steeper was the rate of fall in flow, so 
that at 15° C a minimum level was reached 40 min after the foot was in water, 
and at 26° C the lowest flows were not reached until after 90 min. After this 
fall the flow either returned towards the original value, or remained at the 
low level. 

(2) At temperatures around 32° C there was no consistent trend, the blood 
flow either remaining constant, increasing, or decreasing slightly. 

(3) At temperatures from 35 to 41-0°C the flow increased—the rate of 
increase being steeper the higher the temperature—until a peak was reached, 
after which there was a die-away. At 35°C the peak occurred at about 
75 min, whereas at 41°C it was reached after about an hour. Usually the 
die-away was not completed when recording finished, so the blood flow was 
approaching, but had not reached, the initial level. 

(4) Experiments at 44° C showed the sharpest increase in blood flow so that 
a peak was reached after 40-50 min, but the existence of a die-away was 
doubtful. The same was found in two experiments at 42-5° C. 
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One typical experiment from each pattern is shown in Fig. 3. | 
These trends were generally similar in all subjects, but there was some 
overlap in time of occurrence of the peak. Two experiments showed discordant 
patterns; in one at 36-5° C on subject H.S. B. the blood flow was 11 ml. 30 min 
after the foot was in water, and progressively diminished, so that 1 hr later it 
was 6 ml. An experiment at 31° C on the same subject showed a steep rise in 
flow from 4 ml. at 30 min to a peak of 12 ml. 45 min later. We are unable to 
explain these two anomalies. 
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Fig. 3. Subject H.S.B. Foot blood flow plotted against time at four temperatures, showing 
different flow patterns. Each point represents the average blood flow over 5 min. 


The other changes in flow occurring in these experiments were the so-called 
‘spontaneous’ variations described by Hewlett & van Zwaluwenberg (1909) 
and studied in the finger by Burton (1939) and by Burch, Cohn & Neumann 
(1942), They were seen as differences in the slope of single inflow curves. 
Fig. 4 shows a section of a tracing in which spontaneous variations in flow are 
occurring. Their frequency and amplitude were varying continuously. No 
analysis of the frequency was made. The amplitude of the most rapid variations 
increased with temperature. This is shown in Fig. 5 where the standard devia- 
tion of flows from their mean is plotted against temperature for two subjects. 

Spontaneous variations of the order of minutes in duration were studied by 
averaging all flows in a minute, and plotting the flow level each minute during 
an experiment. Inspection of these graphs showed that spontaneous variations 
of 1-10 min in duration also increased in amplitude as the temperature rose, 
reaching a maximum at 38-41° C. At 44°C the amplitude was less than at 
41° C in two subjects, but appeared unchanged in two other subjects. 
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0 


Fig. 4. Subject H.8.B. Plethysmograph temperature 82° C, room temperature 23-1° C. Upper 
tracing shows spontaneous variations in volume occurring in the foot; lower tracing shows 
variation in rate of inflow of blood during a spontaneous volume variation. Time marker: 
5 sec. 
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Fig. 5. The effect of variation in local temperature on the standard deviation of the mean for 
blood flow in experiments on two subjects, 


2 
| 8 
0 
mil. 
10 
7 
i 


FOOT BLOOD FLOW AND TEMPERATURE 351 


The variability of blood flow in experiments at different temperatures was 
compared using the coefficient of variation as an index (Fig. 6).. Other 
things being equal, a higher coefficient of variation would be expected for 
experiments at higher temperatures where the flow rises to a peak and dies 
away than at intermediate temperatures where there is a level flow. What 
actually occurred was the opposite of this. The coefficient was least at 44° C, 
and increased as the temperature decreased, so that it was greatest at 29-32° C. 
Below 29° C it was less reliable, for the apparatus recorded with accuracy to 
the nearest 0-1 ml., and at 26° C and below the flows were approaching this 
order. There was greater scatter but the coefficient tended to diminish. | 
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Fig. 6. The effect of variation in local temperature on the coefficient of variation (=(standard 
deviation+mean) x 100) for blood fiow in experiments on two subjects. 


There was good agreement between coefficients of variation for experiments 
on different subjects at the same temperature, as well as for repeats on the 
same subject at the same temperature. This index showed that there was 
a relatively greater variation in blood flow about the mean at 32°C than at 
higher temperatures. The absolute variation, however, increased with tem- 
perature as previously shown. 


Variation in blood flow in experiments at the same temperature 
Experiments at most temperatures were repeated on the same subjects with 
the largest number of repeats at 32° C, and these results are shown in Table 3. 
The blood flow was not constant from one experiment to another at the same 
temperature in the same subject. The difference in flow between experiments 
appeared greater at higher temperatures in one subject. In the other subjects 
there appeared to be a fairly constant difference between experiments at tem- 
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peratures of 32° C and above. This is shown in the figures for repeated experi- 
ments (Table 3). There did not appear to be any correlation between the level 
of blood flow in an experiment and oral temperature, or between flow and 
brachial arterial pressure. The repeat experiments at lower temperatures were 
too few to allow any conclusions to be drawn. 


TaBLE 3. Foot blood flow in ml./100 ml. tissue/min at different temperatures. Column (a) is mean 
flow for 30-90 min after foot enters water, with its standard deviation ; (5) is mean flow over 
15 min when flow was greatest or least (see text) 
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A standard time period was necessary for comparing flow levels in different 
experiments because of the major variation in blood flow, i.e. the rise or fall 
followed by a return towards the initial level. The period selected was from 
30 to 90 min after the plethysmograph was filled with water. This period was 


_ arbitrary but as other workers have started recording at 30 min it was useful 


for comparative purposes, All flows recorded in each minute were averaged 
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as the frequency of recording was varied during some experiments; the 
average of these minute averages was found for the period 30-90 min, and is 
given in Table 3, column (a). 


The average foot blood flow for the four subjects at different temperatures 


- is shown (Fig. 7). The blood flow increased with temperature, but the increase 


was not linear. From 15 to 29°C the increase was gradual, while above 
29-32° C it increased markedly with temperature. The curve was generally 
similar in the four subjects, differences occurring in the flow levels reached, 
and in the sharpness of the inflexion. 


Blood flow (mi./100 mi./min) 


Temp. (°C) 


Fig. 7. The effect of temperature on blood flow in the foot. Solid line represents blood flow over 
the period 30-90 min after the foot enters water. Broken line represents flow over maximum 
or minimum 15 min. 


A further comparison was made by taking the average blood flow over the 
15 min period of the peak or trough of the flow curve depending on whether 
the major variation was a rise or fall. If inspection of a graph of the flow 
during an experiment did not obviously reveal the required period, planimetry 
was used, and the 15 min period on the graph with the greatest or least area 
below was found. All flows in 1 min were averaged, and the average of the 
15 min was taken. The majority of experiments at 32°C were analysed by 
planimetry, as inspection alone failed when there was relatively level flow. 
The results are given in Table 3, column (6); averaged for the four subjects 
they are also plotted in Fig. 7. The form of the curve is not significantly 
altered. 
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DISCUSSION 


These experiments confirm previous observations that there is an increase in 
blood flow to the foot with increasing local temperature, while giving some 
indication of the range, variability, and trend of flow in experiments at 
a particular temperature. 

There is good agreement between our curve for flow against temperature 
and values obtained by other workers. In supine subjects Scheinberg et al. 
(1948) obtained average flows of 2-3-7-8 c.c. at 32° C, ambient temperature 
24-26-5° C. Abramson, Zazeela & Marrus (1939) give 1-3-6-6 c.c. under similar 
conditions, but with the foot dependent. Also at 32° C, room temperature 
21° C, Hoobler et al. (1949) obtained an average flow of approximately 2 c.c., 
as did Lynn & Barcroft (1950), using an air-filled plethysmograph, on subjects 
for sympathectomy with normal arteries. The same agreement is found at 
higher local temperatures; Kunkel & Stead (1938) obtained an average flow of 
17-1 c.c. at 43° C; Killian & Oclassen (1938) give 14-8 c.c. for controls at 45° C. 
Likewise also at lower temperatures; 0-9 c.c. at 25° C (Killian & Oclassen); 
0-5 c.c. at 20° C (Love, 1948, using an air-filled plethysmograph). 

Hand blood flow is considerably greater than foot blood flow when the limb 
is immersed in water at 32°C and below. Some representative hand figures 
are: 

32-33° C 2-5-15-0 ml. (Cooper, Cross, Greenfield, Hamilton & 
Scarborough, 1949) 

32-33°C 91 ml. s.p.+2-1 (Abramson, Zazeela & Marrus, 1939) 

25° C 2-7 ©.¢. (Spealman, 1945) 

15° C 1-2 c.c, (Spealman, 1945) 


At higher temperatures there is some variation in published results for hand 
flow, but there appears to be little doubt that it is greater than in the foot, 
e.g. 18-7-54-4 ml. at 43°C (Kunkel & Stead, 1938). Likewise after sympath- 
ectomy blood flow in the hand is about double that in the foot (Walker, 
Lynn & Barcroft, 1950). It has been suggested (Barcroft & Swan, 1953) that 
this is probably because the circulation in these parts is mainly through the 
skin, and the hand contains a relatively much larger proportion of skin. Our 
figures for the two feet dissected do not appear to support this. We found 
17% skin in the foot compared with 19% in one hand (Edholm, personal 
communication) and 41 % skin and subcutaneous tissue compared with 29% 
(Abramson & Ferris, 1940). 

Kunkel & Stead (1938) showed that when related to surface area the blood 
flow to the hand is still greater. Part of this difference may be related to the 
number of arteriovenous anastomoses present, but this is unlikely as Grant & 
Bland (1931) have shown that the density of distribution is greater in the 
sole than in the palm. This is supported by Pickering & Hess (1933) who 
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concluded that the difference in response to indirect vasodilatation between 
hand and foot could not be accounted for by a difference in vascularity. They 
suggested that there is greater vasoconstrictor tone in the lower extremity. 
This has been confirmed by measurement of blood flow after sympathetic 
ganglion blockage (e.g. Slaughter, Brown & Wakim, 1948; Hoobler ef al. 
1949), and would appear to be the most reasonable explanation for the dif- 
ference in volume blood flow to the parts. 


The shape of the graph for blood flow plotted against temperature is 


remarkably similar in hand, forearm and foot (Fig. 8). There is a gradual 
increase in blood flow with increasing temperature up to 29° C; cold vaso- 
dilatation did not occur as our local temperatures were not low enough. The 
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after Cooper et al. (1949); for forearm from data by Barcroft & Edholm (1943). 


rate of increase is accelerated around 29-33° C, and the flow then rises steeply 
with increasing temperature to 44° C. The inflexion for the foot is centred 
about a slightly lower temperature than that for the hand, which in turn is 
approximately 1-2° C lower than that for the forearm. 

The pattern of flaw during an experiment is generally similar to that at the 
same temperature described in the forearm (Barcroft & Edholm, 1943). The 
time of onset for the die-away appears to be later in the foot experiments at 
41 and 38° C; in both parts at 35° C a peak was very often not reached when 
recording ceased. Barcroft & Edholm, however, had the hand as well as the 


_ forearm immersed in a water-bath, although they measured only forearm 


flow. The effect of this might explain the similarity in long-term variation. 
It cannot explain the similarity in flow levels which is rather unexpected in 
view of the widely different proportions of skin and muscle in forearm and 
foot. 
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It would have been of interest to prolong experiments to see what followed 
the die-away, but recording was stopped when a subject first showed signs of 
restlessness as he was considered to be no longer in a ‘physiological’ state. 
Spealman (1945) showed that the hand is approaching a state of equilibrium 
with the surrounding water during the third hour, as judged from blood flow 
and skin temperature records. Of six experiments in the foot which con- 
tinued for 24 hr, two (30-5 and 32° C) showed a fairly constant flow level, 
two (35 and 38° C) showed a second rise following the die-away and in two 
(37-5 and 39-5° C) the die-away was still in progress, although at 37-5° C the 
flows were well above the initial level while at 39-5° C they had fallen below. 
Neither brachial arterial pressure measurements nor the small number of skin 
temperature determinations appeared to help explain the occurrence of the 
die-away. 

The absence of a definite pattern of rise or fall and return in blood flow at 
32° C makes this the most suitable local temperature for studying the effect of 
drugs on the circulation in the human foot. At the same time the relatively 
large variation in flow during an experiment, and the variation encountered 
between experiments, should be kept in mind. 


SUMMARY 


1. The rate of volume blood flow in the foot was measured in four subjects 
at local temperatures from 15 to 44° C, using the venous occlusion plethysmo- 
graphy technique. 

2. The average resting blood flow in the young adult male foot ranged from 
0-2 ml./100 ml. tissue/min at 15° C to 16-5 ml./100 ml./min at 44° C. 

3. The blood flow was not constant during an experiment. The major 
variation was an increase with time at temperatures above 32° C, and a decrease 
below 32° C, returning after an interval towards the initial value. 

4. The absolute amplitude of ‘spontaneous’ variations was greatest at the 
higher temperatures. The relative amplitude, proportional to the mean flow, 
was greatest at 29-32° C. 

5. The results presented are compared with previous values obtained in the 
hand and foot, Flow patterns are compared with those in the forearm and 
their importance noted. 


The authors wish to express their appreciation to Dr O. G. Edholm for advice and encourage- 
ment, Our thanks are also due to Mr Landau, of the London Rubber Co., for providing socks. 
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THE RENAL RESPONSE OF PUPPIES TO AN ACIDOSIS 


By J. H. CORT* ann R. A. McCANCE 
From the Medical Research Council Department of Experimental Medicine, 
University of Cambridge 
(Received 19 November 1953) 


If chloride or sulphate or any other strong non-volatile anion is introduced into 
the body, unaccompanied by an equivalent amount of fixed base, hydrogen 


ions become associated with the anions and the status quo can only be restored 


by the excretion of the hydrogen ions and also the Cl or SO, ions. Pitts (1950), 
Gamble (1952), and many others, have described these processes in consider- 
able detail in ways best suited to their problems or their lines of thought. 

Infants, particularly premature infants, are well known to be very liable to 
suffer from an acidosis (Gordon, McNamara & Benjamin, 1948) and to recover 
from one rather slowly, but curiously little research has been devoted to the 
reasons for this. A summary of the knowledge available at that time was 
given by McCance (1950). Little has been gained since, but it is clear that the 
failure of infants to correct an acidosis so rapidly and completely as adults may 
be due to one or more of the following: 


(a) An unresponsive respiratory centre or inefficient mechanisms in the 
lungs for excreting CO,. With these aspects the present article is not concerned. 

(6) A failure to lower the pH of the urine or insufficient buffer substances in 
the urine to allow H ions to be excreted in any quantity within the pH limits 
of the urine. Dean & McCance (1948) suggested that the latter might be 
important when they found so little phosphate in the urine of normal breast- 
fed infants. 

(c) A limited capacity to excrete the anions. This has been hinted at by the 
work on infantile glomerular filtration rates, and the tendency of infants to 
‘retain’ administered sodium chloride has been recognized for many years 
(Ohimann, 1920). McCance & Young (1941) found lower chloride clearances 
in infants, particularly premature infants, than in adults per unit of surface 
area or of body weight. 


* A Fellow of the National Foundation for Infantile Paralysis, Inc., New York. Present address: 
Department of Physiology, Hospitals Centre, Birmingham. 
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(d) Undeveloped mechanisms for NH, formation. This was investigated in 
human infants by Gordon et al. (1948). These authors also studied the excre- 
tion of sodium, potassium and in some instances of phosphorus, but they did 
not themselves study any adults, and their infants were of variable age. They 
concluded that the mechanism for the formation of NH, was often undeveloped 
in very young infants, but that the bad effects of an acidosis were sometimes 
due to a peculiar systemic susceptibility. The ammonia mechanisms have also 
been investigated in vitro at two levels of pH by the tissue-slice technique 
(Robinson, 1954) with and without added glutamine (Hines & McCance, 1954). 
The kidneys of new-born rats and dogs made less ammonia than those of adults. 

The present work was undertaken in order to compare the renal responses 
of mature and new-born animals to an acidosis, and for this purpose to examine 
particularly mechanisms b, c and d which have been outlined above. Dogs 
have been used and have proved very suitable animals for this work. 


MATERIAL AND METHODS 


Three adult bitches and sixteen of their puppies, all thoroughbred bull terriers, have been used. 
Elimination of urine and faeces in suckling puppies is normally brought about reflexly by the 
mother licking the perineum. Uncontaminated urine may be obtained quantitatively by tickling 
the perineal area of the puppy and collecting the urine in a small tube. The reflex becomes more 
difficult to elicit as the puppy gets older, and impossible after 9 or 10 weeks. Owing to the diffi- 
culties of dealing with very small volumes of urine, and the impossibility of allowing the puppies 
to feed from the mother and at the same time to obtain all of the urine formed by them, 
the experiments have been of short duration, and, after the control period, enough fluid was 
administered to provide a diuresis. 

Litter-mates of mixed sex of various ages, but mostly 2 days old, were removed from the mother 
3 or 4 hr before the experiments were due to begin. They were placed in a warmed box in indivi- 
dual compartments to prevent them from licking each other and so initiating the elimination reflex. 
After their bladders had been emptied they were left for 1 hr and their bladders emptied again. 
Two per cent of the body weights of sterile m/6-NH,Cl or u/12-(NH,),S0, or isotonic (0-9%) 


_ NaCl at 37° C was then given intraperitoneally, and 3% of the body weight of water was admini- 


stered by stomach tube within a space of 3 or 4 min. m/12-(NH,),S0, is slightly hypotonic, but 
contains the same equivalence of acid per unit volume as isotonic NH,Cl. The total acid admini- 
stered was 3-3 m.equiv/kg of body weight. The urines were collected at hourly intervals for 6-8 hr. 
Blood was then withdrawn under paraffin by cardiac puncture, and the puppies were returned to 
the mother. 

The adult bitches were trained for several months, and then subjected to a similar procedure 
except that: (a) drinking water was removed 10-12 hr before the experiments began ; (b) 15-20 min 
were allowed for the administration of the water by stomach tube; (c) urine was collected 
continuously from an indwelling gum elastic catheter; (¢) blood was taken under paraffin from a 
subcutaneous branch of the saphenous vein at the end of the period of measurement, which usually 
lasted 5-6 hr. 

In several cases, blood was withdrawn from both puppies and adults at earlier stages in order 
to determine the extent of the internal acidosis, but these animals were not used for analysing the 
renal response to the acidosis because the emotional ‘stress’ of removing blood may be considerable 
in young children (Barnett, Vesterdal, McNamara & Lauson, 1952; McCance, Naylor & Widdow- 
son, 1954) and is unavoidable in puppies. Verney (1946) has described the effects in dogs. 

Na and K were determined by the Beckman Flame Photometer with model DU spectrophoto- 
meter. Both urines and sera were usually diluted 1:100 for this purpose. Sendroy’s (1937) iodate 


nto 
gen 
50), 
der- 
e to q 
yver 

the 4 
was 
the 
ay 
the 
ned. 
in 
nits | 

be q 
ast- 
the 
s to 4 
ears 
ances 
face 


360 J. H. CORT AND R. A. McCANCE 


method was used for estimating Cl; and Conway’s (1950) micro-diffusion method for NH,. The NH, 
was liberated with saturated K,CO, and absorbed into a boric acid solution. Both sera and urines 
were deproteinized with trichloracetic acid for the determination of creatinine and inorganic 
phosphate. A slight modification in the method described by Barrett & Addis (1947) was used for 
creatinine, and the method of Fiske & Subbarow (1925) for phosphate. pH was measured at room 
temperature by the macro-Cambridge glass electrode, or by a Beckman micro-capillary tube 


electrode attached to a Cambridge potentiometer. The figures were ‘corrected’ to 37° C. 


RESULTS 
The effect of a diuresis on the pH of the urine 
When experiments are carried out in the manner described, both dogs and 
puppies respond to the administration of the fluids by a rapid increase in the 
volume of urine excreted. The time relationship of this and its effect on the pH 
of the urine in dogs was investigated by giving 2% of the body weight of 
isotonic NaCl intraperitoneally and 3% of the body weight of water by mouth, 
and the results are shown in Fig. 1. The pH of the urine rose and fell quite 


Hours 
Fig. 1. The effect of a diuresis on the pH of the urine in dogs. The vertical lines indicate 
standard deviations. 


regularly with the increase and decrease in the flow of urine. Eggleton (1947) 
found a similar change in pH to result from a diuresis in adult man, and 
McCance & von Finck (1947) from a diuresis in two human infants and one 
adult. As will be shown later, this change complicates some of the results 


which have been obtained after the administration of acid drugs, and it is, 
therefore, important to recognize it. 


The changes in the serum 


Table 1 shows the changes in pH and in Cl which were observed in the serum 
of dogs and puppies after the administration of NH,Cl and (NH,),SO,. The 
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figures are the average findings from three dogs and five puppies. It will be 
seen that the changes took place equally rapidly and were, on the whole, 
greater and more prolonged in the puppies. There is no question, therefore, 


Tasie 1, Average findings in the serum (with standard errors of the mean) after the administra- 
tion of acidifying salts. (a) pH after NH,CI and (NH,),S0,; (6) Cl as m.equiv/l. after NH,Cl 


pH* Cl (m.equiv/l.) 
Dog Puppy Dog Puppy 
Initial 74 1004.35 105428 
30 min 7-0 115431 11642-1 
2 hr 7-1 106+ 3-8 11043-1 
6 hr 7-4 7:2 99 +4-2 108440 


The standard error of the mean was in all cases <+0-01. 


that the puppies must have been subjected to an acidosis quite as intense and 
severe as the dogs. There were no changes in the serum Na, K, or PQ,, and the 
findings for these ions have not therefore been given. The concentration of 
HOO, in the serum was not measured, but it may be assumed to have changed 
in a direction opposite to that of Cl. 


The excretion of water and creatinine after the administration of acidifying salts 
Fig. 2 shows the percentage of the dose of water which had been excreted by 
each hour after the two salts had been given to the puppies and the dogs. The 
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Fig. 2. The excretion of water and the rate of excretion of endogenous creatinine after the admini- 
stration of (NH,),S0, and NH,Ci to dogs and puppies. Thin lines creatinine; thick lines 
water; vertical arrows standard deviations. 


slope of the curve gives a measure of the rate, The Goan also shows the rate 
of excretion of endogenous creatinine/kg/hr throughout the experiment. This 
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may be taken as a measure of changes taking place in the glomerular filtration 
rate over the 6hr. It will be observed that: (a) The (NH,),SO, produced 
a greater diuresis than the NH,CI at both ages, but that at both ages and after 
both salts the puppies excreted less of the administered water than the dogs. 
The extrarenal losses were not measured but the differences are not thought 
to have been due to them (Adolph, 1943; Heller, 1951; Ames, 1953; McCance 
et al. 1954). This failure to excrete water as rapidly and completely as adults 
is common to all new-born animals so far investigated. (6) The puppies 
increased their rate of excretion of creatinine while the rate of excretion of 
water was high. The dogs did not do this and may even have decreased their 
rate of excretion of creatinine (McCance & Widdowson, unpublished). The 
difference suggests that a rise in the glomerular filtration rate is an element to 
be considered in a diuresis in puppies but certainly not in dogs. 


The pH of the wrine after acidifying salts 
Fig. 3 shows the changes in the pH of the urine of puppies and dogs after 


the administration of water and acidifying salts. The initial rise in pH which 
was shown by both puppies and dogs may be attributed to the increased flow 


(NH,),SO, NH,CI 


Hours Hours 
Fig. 3. Changes in the pH of the urine after the administration of the acidifying salts 
and water to dogs and puppies. Vertical lines indicate standard deviations. 


of urine (see above). The subsequent fall in pH was greater and more rapid 
after (NH,),50, than after NH,Cl, but the level ultimately attained was much 
the same whatever the age. In the puppies, however, the pH of the urine was 
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reduced more slowly than in the dogs and it then remained low until the end 
of the experiment, whereas by this time the pH of the dogs’ urine had recovered 
to a level not much below the initial value. 


The excretion of phosphates and other buffer substances in the urine 


Fig. 4 shows the excretion of P after the administration of the two salts. It 
will be seen that: (a) (NH,),SO, produced a somewhat greater response at both 
ages; (b) in young puppies the rate of excretion of P/kg of body weight was 
initially very much smaller than in dogs, and did not increase to the same extent 
after the acidifying salts. Furthermore, the time at which the increase took 
place suggests that it may have been due to the diuresis rather than the 
acidosis. Since the animals all received doses which were equal in terms of body 
weight, the P buffers in puppies’ urines could only have covered the excretion 
of a relatively small fraction of the acid administered. The increased excretion 
of creatinine may have compensated for this to a trifling extent in these 
experiments but might not have done so in the absence of a diuresis. 


0-6- 
NH,Cl 


Fig. 4. The excretion of inorganic P after the administration of water and acidifying salts. 
The vertical arrows indicate standard deviations. 


The rate of excretion of P increased rapidly with age, and the response to 
the acidosis had assumed the adult form by the second week but was still 


quantitatively inferior to it at that time. 
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The excretion of NH{ ions 
Fig. 5 shows the rate at which the dogs and puppies excreted ammonia 
after NH,Cl and (NH,),80,. The puppies excreted ammonia no more rapidly 
after being given the acidifying salts than they had done before. The dogs 
responded to both salts by raising their output of NH, to about 10 times the 
initial figure. There was no sign of any subsequent reduction within the 
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Fig. 5. The excretion of ammonia following the administration of water and acidifying salts. 
The vertical arrows indicate standard deviations. 


experimental period of 6 hr. It has been held that dogs increase their produc- 
tion of ammonia if the acidosis is severe and prolonged (Sartorius, Roemmelt 
& Pitts, 1949) but this has also been denied (Ryberg, 1948). The issue did not 


TaBLE 2. The effect of administering 3-3 m.equiv NH,Cl/kg body weight three times a day 
to adult dogs on three successive days 
Day 1 Day 2 Day 3 
1 NH, (m.equiv/min) 0-020 0-065 0-066 0-066 0-067 0-065 0-068 0-064 0-065 
Urine pH 5-0 46 455 455 45 4:5 45 4-5 4-5 
2 NH, (m.equiv/min) 0-038 0-069 0-070 0-071 0-069 0-072 0-070 0-070 0-071 
Urine pH 48 458 45 45 45 45 45 45 £45 
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considerably lower in the puppies. The peak rate of excretion of K was also 
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appear to affect the present experiments for they were of short duration in 
both dogs and puppies and some time was allowed to elapse between any two 
experiments on the same dog, but Table 2 shows that the present results could 
not have been due to the ammonia output of the dogs having been raised by 
‘training’. NH,Cl (9-9 m.equiv (3-3 x 3)/kg of body weight) were given daily, 
and the output of ammonia was measured for 2 hr after each administration. 
The rate of production after this relatively small acidifying dose was no higher 
on the third day than it had been on the first. 


The excretion of sodium and potassium 


Fig. 6 shows the average rates of excretion of K and of Na after the ad- 
ministration of (NH,),80,. There are similarities between the puppies and the 
dogs, and at the same time differences. At both ages there was an increased 
excretion first of K and then of Na-after the water and the acidifying salt 
had been given. Some increased excretion of fixed base had been anticipated 
from previous work, but the prior excretion of K followed by that of Na was 
not expected and does not seem to have been described before. It is not easy 


Fig. 6. The excretion of sodium and potassium after the administration of water and (NH,),S80,. 
The vertical arrows indicate standard deviations. 


to explain it at present, but it will be noted that the two waves in the puppies 
had exactly the same time relationship as they had in the dogs. It is possible 
that the wave of K excretion was brought about by the diuresis and that of 
Na by the acidosis (McCance & Widdowson, unpublished). There were several 
differences between the puppies and dogs. The initial rate of excretion of K was 
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lower in the puppies but that of Na higher. The increase in the rate of excretion 
of both K and Na above the basal level was greater in the puppies. 

The excretion of Na and K responded to the administration of NH,CI in 
a similar way. The time relationships were the same and the peak rate for 
K again preceded that for Na. The increases in the rates of excretion of K and 
Na above the basal level were somewhat smaller both in dogs and ee than 
the increase after (NH,),80,. 


The position within the body after 6 hr 


Table 3 shows the total amount of H ion excreted by the dogs and puppies 
within 6 hr of the administration of the salts. It also shows the superfluous 
anions eliminated as ammonium salts and the anions excreted in combination 
with Na or K. The figures have been arrived at after allowing for the rates of 
excretion exhibited during the preliminary control period, and all are expressed 
as a percentage of the dose given. The excretion of H ions was trifling in the 
puppies because the ions could not be excreted in the ‘free’ state owing to the 
paucity of phosphate buffers in the urine, nor could they be excreted after 
neutralization because the mechanism for effecting this by ammonia was so 
undeveloped. In contrast with this the dogs excreted acid equivalent to 
61-2 % of the dose within 6 hr after being given NH,Cl and to 79-8% after 
being given (NH,),8O,, most of it in each case neutralized by ammonia. 
TaB_z 3. The H ions and the superfluous anions excreted by puppies and dogs within 6 hr of the 


administration of 3-3 m.equiv of NH,Cl or (NH,),S0,/kg of body weight. Averages and the 
standard errors of the mean are expressed as a percentage of the dose administered 


H ions 
Drug Age With PO, buffers As NH, salts Total 

NH,Cl 2 da 0-8840-12 0-434.0-07 1-3140-19 

Ad 12-5 413 48-7 43-4 61-2 44-2 
(NH,),80,  2da 0-22 + 0-03 0-544.0-04 0-76 40-08 

Ad 17-5 418 62:3 443 79-8 45-2 

Anions 
 AsNH,salte AsNasalts As K salts Total 

NH,Cl 2deys 0494007 31028 17-5-41+7 49-843-5 

Ad 48-7 +3-4 26-24 2-1 8-14+06 83-0+ 5-6 
(NH,),80,  2da 0544004  45:143-2 24-1419 60-74.4-7 

Ad 62:3 44-3 48-043-3 5441-0 115-74.7-9 


Owing to their poor NH, production the puppies were able to excrete prac- 
tically no anions as ammonium salts, whereas the dogs excreted 48-7 % of the 
dose in this form after NH,Cl and 62-3% of it after (NH,),SO,. Six hours 
after being given NH,Cl the puppies had only excreted total anions equivalent 
to 49-8 % of the dose and to 69-7 % of the dose after (NH,),80,; 17-5 and 24-1 % 
respectively were excreted as K salts and the remainder mainly as Na salts. 
In all, 49-4 and 69-2% of the superfluous anions were excreted as Na or K 
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salts after the administration respectively of NH,Cl and (NH,),80,. This 
process involved an equally large loss of fixed base and did nothing to correct 
the acidosis. The dogs, however, excreted total anions equivalent to 83 %, of 
the dose after the NH,Cl and to 115-7 % after the (NH,),80,. They excreted 
much less of this as K salts than the puppies, and the superfluous anions 
excreted with fixed base only amounted to 34-3 and 53-4% of the dose. 

It may be reckoned, therefore, that the puppies still contained nearly all the 
H ions and equivalent anions in their bodies 6 hr after the dose had been given, 
whereas the dogs contained only 27-38% of the H ions and 46-50% of the 
anions. Furthermore, the puppies had lost more fixed base/kg of body weight 
and were, therefore, in a correspondingly worse position. 


DISCUSSION 


The results are clear enough in themselves and require little discussion. The 
response of the puppies to an acidosis cannot be compared with the way in 
which the human infant or other animals react, for the new-born of other 
species have not yet been studied beside adult controls with the same com- 
pleteness. It would appear from the work of Gordon et al. (1948), however, 
that the human infant is relatively more mature. 

The small amount of phosphate excreted by puppies 2 days old seems to be 
the counterpart in this species of the low phosphate clearances which have 
been recorded in human infants. Dean & McCance (1948) pointed out that the 
small amount of phosphate being excreted by breast-fed infants must handicap 
them in correcting an acidosis, and the present work supports this suggestion. 

The present work shows that the body’s response to a sulphate acidosis 
differs from one produced by the Cl ion. The results suggest that this is because 
the sulphate ion, which is normally an end product of metabolism, is more 
rapidly excreted than the more physiological Cl ion, even when each is present 
in equal excess. It must be remembered in this connexion that an ‘equal 
excess’ produces a much larger departure from the normal concentration of 
SO, ions than of Cl ions in the extracellular fluids. At all events both in dogs 
and puppies the sulphate acidosis led to a greater excretion of fixed base and 
the dogs excreted more ammonia and phosphate. It was in fact a more 
searching test of renal function. 

The present experiments were not designed to find out at what age puppies 
acquire the same capacity as adults to correct an acidosis, but some of the 
puppies were tested when they were 1 day old, and again when they were 
14 days old. The results, particularly those for phosphate and ammonia, 
demonstrated that there was a somewhat better response at 2 days than at 
1 day, but that by the end of the second week the response was still not quite 
so good as it was in adult dogs. This indicates that functional maturity in 
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correcting an acidosis was likely to have been reached at a relatively early age, 
certainly before the puppies were weaned, and that therefore it was the result 
of age and not of diet. | 


SUMMARY 


1. When puppies (2 days old) and adult dogs were given comparable doses 
of water and ammonium chloride or sulphate, the puppies: (i) excreted the 
water less rapidly and completely than the dogs; (ii) excreted a urine with as 
low a pH; but (iii) excreted much less free acid in the urine owing to the small 
amount of phosphate buffers in it; (iv) excreted practically no ammonia; 
(v) excreted less of the superfluous anion and most of that in association 
with fixed base. 

Puppies therefore showed themselves functionally immature in the way in 
which their kidneys responded to an acidosis. 

2. The administration of the acidifying salts and water to both dogs and 
puppies led to the appearance of a wave of K ions in the urine followed by 
a wave of Na ions. 


The authors are very grateful to Dr E. M. Widdowson for her help in the preparation of this 
paper. 
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THE NATURE OF THE NEUROMUSCULAR BLOCK 
PRODUCED BY MAGNESIUM 


. By J. pet CASTILLO anp LISE ENGBAEK* 
From the Department of Physiology, University College, London 
(Received 24 November 1953) 


Magnesium is a physiologically occurring cation which blocks neuromuscular 
transmission in concentrations which do not prevent either nerve conduction 
or the muscle response to direct stimulation. This block is counteracted by 
increasing the calcium concentration (for a review of the literature see 
Engbaek, 1952). 

Magnesium, like curarine, reduces the stimulating effect of acetylcholine on 
muscle; it prevents the contractions which follow local application of that 
substance to the end-plate region (Engbaek, 1948), Some differences between 
the action of magnesium and that of curarine have however been described; 
magnesium, for example, prevents the contracture caused by potassium more 
readily than that produced by acetylcholine. 

The object of this work was to provide information on the mechanism of 
action of magnesium at the neuromuscular junction, by studying separately, 


of impulse transmission from nerve to muscle. 


METHODS 


The experiments were performed on the sartorius nerve-muscle preparation of the frog (Rana 
temporaria) during the months October-November, at a room temperature of about 21° C. 
External fluid electrodes, The end-plate potential (e.p.p.) which follows supramaximal stimula- 
tion of the nerve in preparations blocked by magnesium was recorded in most experiments with 
external fluid electrodes. The muscle was placed vertically in a bath provided with two Ag/AgCl 
electrodes. One electrode was placed on the uppermost, pelvic end of the muscle, and the other 
was immersed in the fluid below the tibial end, the surface of the bathing solution acting as 
a moving electrode. The fluid level was varied gradually until the locus of maximum e.p.p. was 
established. This point could easily be found again in the course of the experiment. The nerve 
was lifted out of the fluid and attached to two stimulating platinum electrodes. The frequency 
of the supramaximal shocks applied to the nerve has never been higher than 0-5-1 per sec. The 
same arrangement was employed to measure the depolarizing action of acetylcholine by recording 


* Working under a grant from the University of Copenhagen and the Carlsberg Foundation. 
Present address: Institute of Neurophysiology, University of Copenhagen. 


as far as was possible, its effect on each of the different stages of the process 


Bg 


w 
w 


pe 


j 
4 
‘ 
7 
3 
a 


ACTION OF MAGNESIUM ON NM TRANSMISSION 371 


the difference in surface potential between the nerve-free pelvic end of the sartorius and the region 
containing end-plates (Fatt, 1950). In this type of experiment the fluid was run out at an 
approximately constant rate and the potential distribution along the muscle surface was recorded 
continuously. The muscle had to be prepared with care to prevent injury; muscles which showed 
potential differences greater than 1 mV in the absence of acetylcholine were discarded. After 
addition of acetylcholine to the bathing solution a depolarization of the muscle surface could be 
observed the distribution of which depended on the location of the end-plates. The depolarization 
reached a maximum value within about 2 min, if no anticholinesterase was present, and then 
declined slowly. Several records were taken after addition of acetylcholine and only maximum 
values were used for comparison. 

Intracellular recording. Resting potentials and e.p.p.’s were also recorded with intracellular 
capillary microelectrodes of external tip diameter less than about 0-5,, filled with 3m-KCI (see 
for details of technique Nastuk & Hodgkin, 1950; and Fatt & Katz, 1951). 

Measurement of the electrical threshold of the muscle membrane. Two microelectrodes, separated 
by an earthed electrostatic shield, were cemented together so that their tips were less than 
50 apart, and inserted into a muscle fibre. The experimental arrangement was the same as that 
described by Fatt & Katz (1951); one of the electrodes was connected to a square pulse generator 
and rectangular pulses of outward current were made to flow through the fibre membrane. The 
second microelectrode was used to record the resulting potential changes. 

Recording apparatus. An input stage (cathode followers) of high impedance similar to that 
described by Huxley & Stampfli (1949) and a d.c. amplifier were used for work both with external 
and internal electrodes, the final recording being from a cathode-ray tube. E.p.p.’s were recorded 
with single sweeps, whereas the surface potential distribution was recorded on slowly moving film. 

Solutions. The Ringer’s fluid had the following ionic composition, expressed in m.mole/I.: 
Na, 115; K, 2-1; Ca, 1-8; all the salts were used as chlorides. Mg and Ca were added by exchange 
of NaCl for isotonic amounts of the salts. The conductivity of a solution containing 16-8 m.mole/l. 
of Mg ions was measured and found to be only about 3% higher than that of normal Ringer's 
fluid. p-Tubocurarine chloride (Burroughs Wellcome and Co.) was used in a concentration of 
3x10-*. Acetylcholine chloride (Hoffmann-La Roche and Co.) was used in a concentration 
of 2-4x10-*, and of 3x 10-* in curarized preparations. Neostigmine bromide (Prostigmine, 
Roche) was used in a concentration of 1 x 10~* in some of the depolarization experiments; in this 
case the acetylcholine concentration was only 2-4 x 10~’. 

Cholinesterase activity. This was determined by continuous electrometric titration to avoid 
influence of bicarbonate or other buffers. Each sample contained 100 mg of homogenized frog 
muscle in 10 ml. Ringer’s fluid, titrated at pH 7-3 and 25° C with 0-203 n-NaOH. Acetylcholine 
(0-011 m) was used as substrate; ite spontaneous hydrolysis was negligible. No attempt was 
made to isolate the effect of Ca and Mg on the specific cholinesterase with acetyl-8-methylcholine 
as substrate, since the hydrolysis of this substrate, in contrast to that of acetylcholine, is not 
activated by calcium (van der Meer, 1953). The enzymic activity was expressed as umole 
acetylcholine hydrolysed per g muscle per min. Each titration was continued for 60 min, the 
magnesium effect not being constant before 20-30 min had elapsed after the addition of 
acetylcholine. 

RESULTS 


Effect of magnesium on the amplitude of the end-plate potential 
The minimum concentration of magnesium which produces a block, as shown 
by the absence of muscle contraction with indirect stimulation, is 5 m.mole/l. 
The sensitivity of the individual preparations to the blocking action of 
Magnesium varied sometimes by a factor of nearly 2; a concentration of 
10 m.mole/l. regularly produced block in less than 30 min. Immersion in 


normal Ringer’s fluid reverses the block within a few minutes. 
24-2 
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An e.p.p. can be recorded in the magnesium-blocked preparations when the 
nerve is stimulated. The shape and time course of the magnesium-e.p.p. are 
similar to those recorded from curarized muscle. Similar e.p.p.’s were also 
recorded from single neuromuscular junctions with internal electrodes. 

When the magnesium concentration is increased above the initial 
10 m.mole/l., the amplitude of the e.p.p. decreases. The results of four 
experiments are given in Fig. 1. With 15 m.mole/l. magnesium the amplitude 
of the e.p.p. is less than half the initial value, and with 20 m.mole/l. is only 
about 10% of that measured in 10 m.mole/I. 
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Fig. 1. Effect of an increasing magnesium concentration on the amplitude of the e.p.p. in 

‘magnesium-blocked’ preparations. Ordinate: amplitude of the e.p.p. in relative units; its 
height in preparations blocked by a solution containing 10 m.mole/l. magnesium is taken 
as unit. Vertical lines drawn through the points (mean values) show the range of the observa- 
tions. Abscissa: magnesium concentration. 


The effect of low magnesium concentrations on the size of the e.p.p. could 
be investigated in muscles previously blocked with p-tubocurarine. The 
results obtained in three experiments are expressed in Fig. 2. A marked 
reduction in the amplitude of the e.p.p., to about 60%, was observed after 
adding 1 m.mole/l. magnesium to the bathing fluid. The slope of the curve 
relating magnesium concentration and size of the e.p.p. is very steep at the 
low concentrations. These experiments show not only that magnesium con- 
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centrations such as those which have been found in frog’s plasma (cf. Fenn, 
1936; Boyle & Conway, 1941) have a great influence on the size of the e.p.p., 
but also that small variations, such as those which are likely to occur in 
physiological conditions, result in a marked effect on its amplitude. 


? 
~ 
T 


= 


Amplitude of e.p.p. (arbitrary units) 


1 
Mg concentration (m.mole/!.) 


1 

Fig. 2. Effect of magnesium on the ‘curare-e.p.p.’. Ordinate: amplitude of the e.p.p. in relative 
units. The height of the e.p.p. recorded in curarized preparations (soaked in 3 x 10-* 
D-tubocurarine) is taken as unit. An increasing amount of Mg ions as indicated by the 
abscissa, was then added to the bathing fluid while keeping constant the concentration of 
tubocurarine. Points represent mean values obtained in experiments. Vertical lines show 
the range. 


The decrease of the e.p.p. caused by raising the magnesium concentration 
might be produced by the following mechanisms: (1) a permanent depolariza- 
tion of the end-plate region of the muscle fibre, as exemplified by the action of 
decamethonium (Burns & Paton, 1951); (2) a decreased depolarizing action of 
acetylcholine at the end-plate region, due either to a curare-like effect or to an 
activation of the enzymatic breakdown of the transmitter; and (3) a decrease 
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in the amount of the transmitter liberated; this is, for example, the effect of 
low calcium and sodium concentrations (del Castillo & Stark, 1952; Fatt & 
Katz, 19526) and possibly of botulinum toxin (cf. Burgen, Dickens & Zatman, 
1949, and Brooks, 1953). 

In the following experiments an attempt has been made to decide between 
these possibilities. 


Lack of action of magnesium on the muscle resting potential 

A depolarizing action of magnesium ions confined to the end-plate region 
was excluded by experiments in which the surface potential difference of the 
sartorius muscle was recorded. Magnesium in concentrations of 10 and 
15 m.mole/l. caused no significant alteration of the surface potential in any 
region of the muscle, either in the curarized or in the non-curarized preparation. 

An action of magnesium on the resting potential of the muscle fibre as 
a whole could also be discounted. The average resting potential measured with 
an intracellular electrode with the muscle in normal Ringer’s fluid was 
88-1 + 0-6 mV (s.z. of mean; 50 measurements). Thirty-six impalements in the 
same muscle soaked for more than 30 min in a solution containing 15 m.mole/l. 
magnesium gave an average resting potential of 88-3+0-9 mV. 


Effect of magnesium on the sensitivity of the end-plate to applied acetylcholine 

The influence of magnesium on the sensitivity of the end-plate to the 
depolarizing action of acetylcholine was studied by measuring the surface 
potential distribution in muscles immersed in a fluid containing a constant 
concentration of acetylcholine and varying amounts of magnesium ions. The 
magnitude of the depolarization elicited by a constant concentration of 
acetylcholine in normal Ringer’s fluid decreases slowly in successive trials in 
the course of an experiment. The depolarization produced in presence of 
magnesium must therefore be compared with the mean of that measured in 
normal Ringer’s fluid before and after the test in Mg-Ringer. Fig. 3 shows one 
of the experiments. In five experiments of this type 10 m.mole/l. magnesium 
reduced the depolarization produced by the same amount of acetylcholine in 
normal Ringer by 18+7% (8.z. of mean), and 15 m.mole/l. magnesium 
decreased it by 40+ 4%. 

The decreased depolarizing action of acetylcholine in the presence of mag- 
nesium might be attributed to either of two different factors; on the one hand 
to a curare-like effect, on the other to an increased destruction of acetyl- 
choline, since magnesium is known to be an activator of cholinesterase as 
Nachmansohn (1940), working on the electric organ of Torpedo, has observed. 
Mg ions in concentrations which block neuromuscular transmission also increase 
cholinesterase activity in frog muscle homogenate (see Methods). The results 
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- a 3mV depolarization is produced by about 4x 10-* acetylcholine; if tubo- 
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are given in Table 1 (Expts. 1-5, 4th column). The addition of 15 m.mole/I. @ 
magnesium ion increases the activity of cholinesterase by a factor of 2-5-4. a 
However, we have no evidence indicating that a similar effect might occur in | 
the intact muscle; a number of factors, not yet fully understood, such as 
substrate concentration and ionic activity at the site of cholinesterase in the 
end-plate etc., influence the enzyme activity in vivo. 


0 i i i i 
0 10 15 20 
Time (hr) 


Fig. 3. Action of magnesium ions on the depolarization elicited by acetylcholine. Ordinate: 
amplitude of the depolarization in mV. Hollow circles, in Ringer's fluid; full circles, in fluid 
containing magnesium, as indicated. Abscissa: time in hours from the beginning of the 
experiment. 


No attempt has been made to study the relative contribution of each factor, 
as we were primarily concerned in estimating the role played by the reduced 
depolarizing action of acetylcholine in the establishment of the ‘magnesium- 
block’. This can be done by comparing the influence of equally effective 
blocking concentrations of Mg ions and tubocurarine on the sensitivity of the 
end-plate. 

In a non-curarized muscle, and under the same experimental conditions, 


curarine is added to the Ringer’s fluid in the concentration necessary to 
produce neuromuscular block (3 x 10-*), 15 times as much acetylcholine is now 
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needed to produce a depolarization of the same magnitude (del Castillo & Stark, 
1952). In view of the quantitative difference existing between the effects of 
tubocurarine and Mg ions on the depolarizing action of acetylcholine, it seems 
unlikely that a reduced end-plate sensitivity is the main cause of the mag- 
nesium block. 

The effect of magnesium on the sensitivity of the end-plate in curarized 
muscles differs appreciably from that observed in non-curarized muscle, In 
the presence of tubocurarine, magnesium produces a slight increase in the 
depolarizing action of acetylcholine. In four experiments on curarized muscle 
5 m.mole/l. magnesium increased the depolarization produced by acetyl- 
choline by an average of 11+8% (s.z, of mean), whereas 10 m.mole/l. 
increased it by 25+ 10%. 


Action of magnesium on acetylcholine liberation 

Direct determinations of the amount of acetylcholine liberated per motor 
nerve volley in presence of different magnesium concentrations have not been 
made. Indirect evidence can be obtained, however, by comparing the influence 
of magnesium on the e.p.p. with its effect on the sensitivity of the end-plate, 
a procedure which has been applied to the effect of calcium and sodium ions 
(del Castillo & Stark, 1952; Fatt & Katz, 19526). 

As mentioned above, in the non-curarized muscle an increase in magnesium 
concentration from 10 to 15 m.mole/l. caused an additional decrease in the 
end-plate sensitivity of about 25%. The same increment in the magnesium 
concentration had a much more striking effect on the size of the e.p.p., its 
amplitude being diminished by 70%. This difference could be explained on 
the assumption that magnesium reduces the amount of transmitter released. 

In the curarized muscle the difference between the effect of magnesium on 
the end-plate sensitivity and the size of the e.p.p. is even clearer; 5 m.mole/I. 
magnesium reduced the e.p.p. by about 75%, and 10 m.mole/l. by about 
90°, while there was no decrease, and even an increase, in the depolarization 
caused by acetylcholine in the same ionic environment. A decreased acety!- 
choline output seems to be the only satisfactory explanation for these experi- 
mental findings. | 

Action of magnesium on the muscle membrane 

The two actions of magnesium which have so far been described, viz. 
a reduction in the amount of released acetylcholine and a decreased sensitivity 
of the end-plate region, can certainly account for the neuromuscular block 
produced by this cation. Apart, however, from the abolition of the responses 
to nerve stimulation, a decrease in direct excitability has also been observed 
in muscles treated with magnesium, even in denervated and curarized prepara- 
tions (Ashkenaz, 1938; Maaske & Gibson, 1939; Engbaek, 1948). This is 
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probably due to an effect of magnesium ions on the electrical threshold of the 
muscle membrane; an effect of this type is produced by increasing the con- 
centration of calcium (Katz, 1942). In order to obtain quantitative information 
on this action two intracellular electrodes inserted into the same muscle fibre 
were employed (see Methods). One of the electrodes was used to deliver 
a rectangular pulse of outward current of variable strength through the 
membrane; the resulting potential changes were recorded with the other. 
By gradually increasing the current strength, a level of depolarization was 
reached at which the membrane became unstable and an action potential was 
generated. The largest potential change which just failed to flare up into an 
action potential was taken as a measure of ‘threshold’, In some cases, how- 
ever, the inflexion point of the potential, i.e. the point of minimum slope, was 
taken as an indication of the critical level of depolarization (see Fig. 4). 

In normal Ringer’s fluid the mean threshold obtained in thirty-one measure- 
ments in three muscles was 34-5+0-67 mV (s.z. of mean). In twenty-one 
measurements on two muscles soaked in a solution containing 15 m.mole/I. 
magnesium the average threshold was 53-7+0-8 mV. This effect was fully 
reversible when the preparation was brought back to normal Ringer’s fluid. 


Calcium antagonism of magnesium block 

It has been known for a long time that calcium ions antagonize the blocking 
action of magnesium on the neuromuscular junction (Bryant, Lehmann & 
Knoefel, 1939). In the following experiments this was studied in some detail 
and an attempt was made to locate the site of interaction of these cations. 

Neuromuscular transmission was easily restored in preparations blocked by 
Ringer’s fluid containing 15 m.mole/l. magnesium if the calcium content of the 
solution was increased by 3 or 4 m.mole/l., without removing the magnesium 
ions. Electrical recording revealed that this process was accompanied by, 
and probably due to, a large increase in the amplitude of the e.p.p. Fig. 5 
shows one experiment of this type. It can be seen how an added m.mole/I. 
calcium increased the amplitude of the e.p.p. by about 4 times, and 2 m.mole/I. 
calcium by about 8 times. Transmission was restored by 3~4 m.mole/I. 
A further increase to 5 m.mole/l. or more caused, in this and other similar 
experiments, a depression of the amplitude of the e.p.p. 

The amount of transmitter liberated per impulse at the nerve terminals is 
known to vary directly with the logarithm of the calcium concentration, 
whereas the sensitivity of the end-plate region to acetylcholine seems to be un- 
affected by this cation (del Castillo & Stark, 1952). One would expect therefore 
that the increase in the amplitude of the e.p.p. is due to an increased liberation 
of transmitter rather than to a change in the sensitivity of the end-plate. This 
second possibility has been excluded by direct experiment. 

The sensitivity of the end-plate as measured by the depolarization caused by 
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acetylcholine was reduced by magnesium, and remained unaffected by an 
excess of calcium sufficient to increase the amplitude of the e.p.p. and relieve 


Fig. 4. Effect of magnesium on the electric threshold of the muscle fibre membrane. A, muscle 
soaked in normal Ringer's fluid. B and C, muscle soaked in a solution containing 15 m.mole/1. 
magnesium. (See text.) 

the block. In two experiments in which 15 m.mole/l. magnesium caused 

a decrease of nearly 50% in the end-plate sensitivity, measurements per- 

formed in a bathing solution containing 15 m.mole/l. magnesium + 3 m.mole/l. 
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calcium did not reveal any significant change in the depolarization produced 
by the same concentration of acetylcholine, although the muscle response to 
nerve stimulation was restored in the second solution. In another experiment 
a preparation blocked by 10 m.mole/l. magnesium, showing a decrease of 
about 28% in the end-plate sensitivity, was transferred to a solution con- 
taining 10 m.mole/l. magnesium+5 m.mole/l. calcium. A further reduction 
in the sensitivity of the end-plate was observed, which became now 44% 
lower than in normal Ringer, although the neuromuscular block was again 
relieved. 


The action of calcium on the electric excitability of the muscle membrane 
in presence of magnesium was also investigated. In one experiment the 
average threshold in seven muscle fibres, the muscle being immersed in normal 
-Ringer’s fluid, was 34-6 mV + 1-1 (s.z. of mean). The muscle was then soaked 
in a solution containing 15 m.mole/l. magnesium and the mean threshold in 
six fibres rose to 52 mV+0-91. 3 m.mole/l. calcium was now added to the 
magnesium Ringer; the block was thereby relieved but the average threshold 
found in 6 fibres was now 54-1 mV + 0-76. 


The combined effect of magnesium and calcium on the cholinesterase 
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activity of muscle homogenate has also been studied with the same order of 
concentrations as used in the other experiments described in this paragraph. 
It has already been mentioned that 15 m.mole/l. magnesium increased the 
hydrolysis of acetylcholine by a factor of 2-5-4. However, 3 m.mole/I. 
calcium had no effect on cholinesterase activity under the same experimental 
conditions, either alone or combined with magnesium (see Table 1, columns 6-8). 
The absence of a calcium-magnesium antagonism in the activation of the 
cholinesterase is also a proof that this action does not play a significant part 
in the establishment of the neuromuscular block. : 

It seems clear from these experiments that the antagonism between calcium 
and magnesium must be solely due to their opposite actions on the release of 
acetylcholine at the motor nerve terminals. The other effects of magnesium 
are unaffected or even reinforced by the addition of calcium in the quantities 
necessary to relieve the block. 


Quantal fragmentation of the e.p.p. in high magnesium concentrations 

If a nerve-muscle preparation is immersed in a Ringer’s solution containing 
only one-quarter of the normal calcium concentration the size of the e.p.p. 
is greatly reduced through a diminished acetylcholine output at the nerve 
terminals. Fatt & Katz (1952a) have examined in detail this effect at single 
junctions, recording the e.p.p. with an intracellular electrode. They found 
that when the amplitude of the e.p.p. is approaching zero, successive nerve 
stimuli elicit e.p.p.’s whose size changes at random in a step-wise fashion. 
Furthermore, they found that a relationship exists between the magnitude 
of these ‘steps’ and the size of the miniature e.p.p.’s which are generated 
spontaneously at the end-plate. This suggests that the fluctuating size of the 
e.p.p. is due to the activity of a varying number of units or groups concerned 
with acetylcholine liberation, the amplitude of the smallest steps representing 
the individual contribution of one of such unit to the e.p.p. 

As the effect of magnesium excess appears to be similar to that of low 
calcium, one would expect analogous changes in the end-plate potential. The 
effect of high magnesium concentrations on the response of single neuro- 
muscular junctions was therefore studied with intracellular electrodes. In 
muscles blocked with relatively low magnesium concentrations the position of 
the end-plate was first determined. The magnesium concentration was then 
increased until the amplitude of the e.p.p. fell to about 1-3 mV. The amount 
of magnesium necessary for this varied with the individual junctions, but in 
general, was between 15 and 20 m.mole/l. When the e.p.p. was thus decreased, 
striking ‘quantal’ fluctuations of its size were observed (Fig. 6), similar to 
those demonstrated by Fatt & Katz (1952a). This suggests that in fact 
calcium and magnesium act in an exactly opposite manner on the quantal 
liberation of acetylcholine at the nerve terminals. 
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Fig. 6. Effect of high magnesium concentrations on the end-plate potential recorded with an 
intracellular electrode at single neuromuscular junctions. The preparation was soaked in 


fluid containing 18 m.mole/l. magnesium. Each record shows several end-plate responses , 


to successive nerve stimuli. A step-wise fluctuation in the amplitude of successive end-plate 
potentials can be observed. Records B, C and D were taken after the addition of prostigmine 
to the bathing fluid (10~*). 


DISCUSSION 


The results of our experiments indicate that an excess of magnesium ions has at 
least three distinct effects on the neuromuscular junction: (i) decreasing the 
amount of transmitter liberated at the motor nerve terminals; (ii) diminishing 
the depolarizing action of acetylcholine at the end-plate; and (iii) depressing 
the excitability of the muscle fibre membrane. 

Although the block of neuromuscular transmission brought about by mag- 
nesium ions seems to be due to the addition of these three actions, the most 
important factor is the reduction in the amount of released transmitter which 
causes a drastic fall in the amplitude of the end-plate potential. The experi- 
ments in which the antagonism betweeen calcium and magnesium ions was 
studied have shown that transmission of impulses may be restored in spite of 
a reduced end-plate sensitivity and an increased threshold of the muscle 
membrane. 

From the experiments on curarized preparations it appears that magnesium 
ions affect acetylcholine liberation particularly within the physiological con- 
centration range, which in the frog plasma is of the order of 1-3 m.mole/]. 
(Fenn, 1936; Boyle & Conway, 1941). The same applies to the influence of 
calcium on the e.p.p. amplitude. Very small variations in the calcium con- 
centration, e.g. by adding 1 m.mole/l. in excess of that contained in normal 
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Ringer’s fluid, have also a considerable influence in antagonizing the depression 
of the e.p.p. produced by high concentration of magnesium. 

The amount of transmitter liberated at the nerve terminals and conse- 
quently the amplitude of the e.p.p. seem, therefore, to be a function of the 
relative amounts of calcium and magnesium ions and is probably extremely 
sensitive to small physiological variations in the concentration of these cations. 


SUMMARY 


1. An excess of magnesium ions blocks neuromuscular transmission. This 
effect has been investigated in the sciatic-sartorius preparation of the frog 
and is due to a drastic reduction in the amplitude of the e.p.p. 

2. Magnesium also decreases the sensitivity of the end-plate to the de- 
polarizing action of applied acetylcholine and the direct excitability of the 
muscle fibres. 

3. A quantitative comparison of these different actions indicates that the 
main effect of magnesium is to decrease the amount of acetylcholine liberated 
by a motor nerve impulse. 

4. An excess of calcium, which is known to increase the amount of trans- 
mitter liberated, antagonizes the effect of magnesium on the motor nerve 
endings, the neuromuscular block being thereby relieved. 

5. When the e.p.p. is recorded at single junctions with intracellular 
electrodes in the presence of high magnesium concentrations the size of successive 
e.p.p.’s shows ‘quantal’ fluctuations similar to those previously observed in 
Ca-deficient preparations. 

6. It appears from these results that the amount of acetylcholine liberated 
by a motor nerve volley is a function of the relative amounts of calcium and 
magnesium ions present. 

Our sincere thanks are due to Profs. G. L. Brown and B. Katz for their friendly interest and 
advice. We must also thank Mr P. M. G. Bell for his technical assistance. 
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ORIGIN OF THE PYRAMIDAL TRACT IN THE CAT* 


By J. W. LANCE} anv R. L. MANNINGt 
From the Brain Research Unit, Departments of Surgery, Anatomy and 
Physiology, University of Sydney, Australia 


(Received 25 November 1953) 


Woolsey & Chang (1947) introduced a new technique into the study of the 
origin of the pyramidal tract when they recorded the arrival of antidromic 
pyramidal activity, initiated from the medulla oblongata, at the surface of the 
cortex. The present investigation has largely employed this useful method 
which has been extended by the insertion of microelectrodes into the cell layers 
of the cortex. By this means the electrical activity of single cells or groups of 
cells may be recorded as the cell bodies are depolarized by impulses passing 
antidromically up their axons. Accurate localization of cells giving rise to the 
pyramidal tract is thus possible, and the conduction velocities of their respective 
axons may be estimated. Results obtained by this method have been checked 
by the electrical stimulation of small areas of cortex and recording the con- 
sequent orthodromic pyramidal activity in medulla or cord. 


METHODS 


A series of twenty-five adult cats were used for these experiments. The animals were anaesthetized 
by Dial (Ciba) 0-5 ml./kg intraperitoneally, an additional 0-2-0-4 ml. of pentobarbitone solution 
(gr. 1/ml., ‘Sagatal’, May and Baker) being administered if necessary. After tracheal cannulation, 
the pyramidal tract was exposed in the medulla or cord by one of the following methods. 

(1) Ventral approach to the medulla, by removal of larynx, part of pharynx and oesophagus. 
The longi capitis muscles were then reflected and a window made in the basiocciput with a dental 
burr. This approach enabled stimulating or recording electrodes to be placed directly in the 
pyramid with the animal in the lateral position. 

_ (2) Dorsal approach to the fourth ventricle by removal of part of the occipital bone and cere- 
bellum. Electrodes could then be inserted into the pyramids through the medulla, the animal 
being in the anatomical position. 

(3) Laminectomy, exposing the spinal cord at cervical or lumbar segments, so that electrodes 
could be inserted into the lateral corticospinal tract. 


_ _ * Aided by grants from the National Health and Medical Research Council of Australia and the 
I. Kahn Donation. 

+t National Health and Medical Research Council Fellow. 

{ Liston Wilson Fellow, University of Sydney. 
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" ‘The method chosen depended on the aspect of the cortex to be examined in the experiment and 
whether the animal was to be in the lateral or anatomical position. 

In experiments on the medial surface of the brain, part of the opposite hemisphere was removed 
by diathermy and suction, and a section of the falx cerebri cut away. 

After exposure of the appropriate area of cortex, skin flaps were elevated and the resulting 
‘dam’ filled with paraffin oil which was maintained at 37° C for the duration of the experiment by 
a heating coil in a U-shaped glass tube, which was immersed in the paraffin. The rectal temperature 
of the animal was controlled at 38-39° C by means of a heating pad. 

Recording microelectrodes were of steel, tapered electrolytically to less than 10 u and insulated 
except at the tip. Stimulating electrodes were bipolar, the poles being steel electrodes as above, 
and aligned parallel 1 mm apart. 

For antidromic studies the pyramidal tract was stimulated in the medulla. In cases when the 
stimulating electrodes were inserted through the floor of the fourth ventricle, the position of the 
electrodes was checked by recording from the surface of the cord at C, segment. A characteristic 
sequence of waves is recorded from the dorsum of the cord as the stimulating electrodes are inserted 
through the medulla (Lance, 1954) and at a depth of approximately 5 mm from the floor of the 
fourth ventricle, the double wave of the pyramidal complex is elicited. When the tips of the 
stimulating electrodes had thus been placed in position, the recording electrode was transferred 
to the cortex and orientated in a micromanipulator, cortical points being examined at intervals 
of 1 mm, The stimulating pulse, applied to the pyramid through a shielded transformer, was 
50-70 V in amplitude, 50 usec in duration. 

In orthodromic studies the stimulating bipole was applied to the cortex at points separated by 
2 mm, and the stimulus required was greater (115-160 V, 50 usec pulse); the recording electrode 
was placed in the pyramidal tract in medulla or cord. 

The amplified responses were displayed oscillographically and photographed on to high-speed 
emulsion plates. 

At the conclusion of an experiment, the brain (and part of cord when necessary) was removed 
and after fixation in formalin, the surface of the brain was drawn or photographed and conduction 
distances carefully measured. The conduction distance from cerebral peduncle to cortical surface 
was estimated by the insertion of a threaded needle through the brain substance in a direct line. 
The distance thus obtained may be some millimetres shorter than the actual pathway of the axons. 
This is partially compensated, as electrodes recording cell activity were inserted 1-5-2 mm deep 
to the surface. Later the records obtained were projected from a photographic enlarger and traced 
on to the cortical map. 

RESULTS 


It is convenient to describe first the results of orthodromic stimulation as this 
is the less sensitive method of localization. 


Form of orthodromic responses 

Small areas of cortex were stimulated by means of bipolar electrodes, and 
the resulting activity in the pyramidal tract recorded from a microelectrode 
inserted into the ipsilateral tract in the medulla, or the contralateral cortico- 
spinal tract in the cord. The wave recorded was positive in sign owing to injury 
block in fibres surrounding the tip of the recording microelectrode. Each 
trough of such a wave represents an active group of fibres, and the onset of 
_ the initial positive deflexion precedes the arrival of the first impulses by about 
0-1 msec (Lance, 1954). 

The orthodromic wave in the pyramidal tract of medulla or cord elicited by 
stimulation of the pericruciate cortex showed conduction velocities ranging 
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from 4~9 m/sec (mean 7 m/sec) to 62~77 m/sec (mean 70 m/sec). Three discrete 
positive waves were recorded from the tract in the medulla and at the second 
cervical segment (Fig. 1a, c). This was an unexpected finding as the pyramidal 
tract in medulla and cord shows only two groups of activity (Bishop, Jeremy & 
Lance, 1953; Lance, 1954), Dodetermine whether any onevof these three waves 


Fig. 1. Orthodromie records. @, from the pyramids of the medulla following stimulation of the 
pericruciate cortex (0.D. (conduction distance) 46 mm). }, as in a, preocded by a tetanus. The 
third wave of activity has ceased. c, from the contralateral corticospinal tract at C, segment 
on stimulation of the pericruciate cortex (c.p. 69mm). d, as in ¢ preceded by a tetanus. 
e, from the contralateral corticospinal tract at C, segment on stimulation of the pyramid in 
the medulla (c.p. 64 mm). f, as in e preceded by a tetanus. The second wave of the pyramid- 
cord response is seen to be of slower conduction velocity than the second wave of the cortex- 
cord response (d). Responses c—f are from the same preparation. Discussion in text. g, from 
the contralateral corticospinal tract at C, segment on stimulation of the pericruciate cortex 
(c.D. 85mm). A, from the tract at L, segment on stimulation of the pericruciate cortex 
(C.D. 252 mm). In both g and h two waves are seen with time relations similar to those of the 
pyramid-cord response (e,f). Discussion in text. Time markers w, z 0-5 msec; y, 2-0 msec; 
z, 5-0 meec. 


was initiated by a synaptic relay instead of by direct stimulation of pyramidal 

neurones, a tetanus of six impulses at 250/sec was applied to the preparation 

and, 9 msec after the last impulse of the tetanus, a test shock. Under these 

circumstances synapses cease to transmit impulses (Bishop & McLeod, to be 

published) and after such a tetanus the third wave of the complex disappeared 

(Fig. 16, d), indicating that it was dependent upon a synaptic relay. The two 
25-2 
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remaining waves reached voltage maxima at points corresponding to conduction 
velocities of 48-57 m/sec (mean 54 m/sec) and 22~25 m/sec (mean 24 m/sec) 
when recorded in the medulla, and the response returned to the base-line at 
a time corresponding to conduction at about 8 m/sec without any indication 
of a group slower than 24 m/sec (Fig. 16). A similar post-tetanic record was 
obtained from the second cervical segment (Fig. 1d) with maxima showing 
average conduction velocities of 47 and 27 m/sec, while the return to the base- 
line suggested that more fibres were conducting in the range 7-18 m/sec, 
although no distinct slow group was seen. In records obtained from C, and L, 
segments on cortical stimulation, a slow group was obvious (Fig. 1g, h), and 
was unaffected by a preceding tetanus. Thus as the conduction distance in the 
spinal cord was increased relative to the conduction distance in the brain, the 
slow group became more prominent. 

If the pyramidal tract be stimulated in the medulla instead of the cortex, 
two waves are recorded in the cord with peak amplitudes showing average 
conduction velocities of 50 and 14 m/sec (Lance, 1954). In Fig. 1, e and f are 


responses from the tract at C, segment, stimulation taking place in the medulla 


(conduction distance 64 mm), while d is the post-tetanic response from C, 
segment in the same animal, stimulation taking place in the cortex (conduction 
distance 69 mm). It can be seen that the second wave of the cortex-cord 
response reaches its maximum at a higher conduction velocity than the second 
wave of the medulla-cord response in the same preparation. 
To summarize these findings, it appears that the range of velocities in all 
portions of the pyramidal tract averages 7-70 m/sec, and that the first 
pyramidal group is maximal at approximately 50 m/sec in all sections of the 
tract. However, the second group is maximal at 22-25 m/sec from cortex to 
brain-stem and at 11-16 m/sec from medulla to cord segments. This alteration 
in conduction velocity is considered to be due to reduction in size of some 
axons following the distribution of collaterals to pons and medulla. 
Distribution of orthodromic responses 

Pyramidal activity in the medulla is greatest when the region around the 
cruciate sulcus is stimulated but some activity can be elicited from a wide area 
of cortex (Fig. 2). No response occurs when the medial third of the anterior 
sigmoid gyrus is stimulated. This area was classified histologically as ‘frontal’ 
by Campbell (1905) and Langworthy (1928) and as ‘area 6’ by Winkler & 
Potter (1914). The lateral two-thirds of the anterior sigmoid gyrus and the 
whole posterior sigmoid gyrus, together with the coronal gyrus, constitute the 
‘motor area’ of Campbell and ‘area 4’ of Winkler & Potter. This area gives 
rise to large orthodromic potentials with the time relations described above. 
The source of most fast activity appears to be at the lateral end of the cruciate 
sulcus. As the stimulating electrodes are moved medially along the posterior 
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sigmoid gyrus in 2 mm steps, fast conduction velocities (40-70 m/sec) become 
less prominent until at the medial end there is little activity faster than 
40 m/sec. There is a similar gradient along the anterior sigmoid gyrus from 
lateral to medial until the junction of middle and medial thirds where area 
4 merges into area 6, from which no orthodromic response can be derived. 


Fig. 2. Origin of the pyramidal tract in the cat determined by orthodromic studies. Dorsal and 
lateral aspects of the brain are shown. Records obtained from the contralateral tract at the 
second cervical segment have been drawn on the cortical map at the point from which they 
were elicited. The sulci (after Campbell) are: A, ansate;'C, coronal; Cr, cruciate; D, diagonal ; 
Es, anterior ectosylvian; L, lateral; O, orbital; 8, sylvian; Ss, suprasylvian. Winkler & 
Potter (1914) term the diagonal and orbital sulci the orbital and praesylvian sulci respectively. 


In the cat there is a dimple in the cortex lying between the cruciate and 
ansate sulci which appears to be the homologue of the primate central sulcus, 
for here the motor cortex gives place to typical sensory cortex (Campbell, 1905). 
At this point the form of the orthodromic potential also undergoes change, there 
being less fast activity posterior to the homologue of Rolando. Small potentials 
can be elicited from almost all of Campbell’s ‘sensory cortex’ (subdivided 
somewhat indistinctly by Winkler & Potter into areas, 3, 1 and 5). The 
responses are usually larger in the inferior part of the ‘sensory cortex’ between 
the anterior limb of the suprasylvian sulcus and the diagonal sulcus, the region 
known as the ‘secondary somatic area’ (Garol, 1942a; Woolsey & Chang, 
1947). These responses have the same time relations and grouping as those of 
the pericruciate area but are smaller in amplitude. 


Form of antidromic responses 
When the pyramids of the medulla are electrically stimulated, the waves of 
activity spreading antidromically along pyramidal axons may be recorded 
from the surface of the cortex (Woolsey & Chang, 1947). These surface 
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recordings are predominantly positive in sign (Fig. 3a), presumably because 
the pyramidal activity dies away in the cell layers of the cortex deep to the 
recording electrode on the surface. Ifa microelectrode be now inserted through 
the pia and racked gently into the underlying cortex, a positive-negative 
diphasic wave with a negative peak at a time corresponding with a conduction 
velocity of 50 m/sec becomes apparent (Fig. 4a), indicating that the micro- 


Fig. 3. Antidromic records. a, from the cortical surface anterior to the cruciate sulcus, the 
pyramid being stimulated in the medulla (c.p. 49 mm). 6, on insertion of the microelectrode 
into the cortex to a depth of approx. 1-5 mm at the same recording site as a. c, with the 
microelectrode inserted into the white matter, approx. 3-0 mm deep, same site as a. d, from 
the cortical surface posterior to the cruciate sulcus, the medial lemniscus being stimulated in 
the medulla (c.p. 46 mm). e, on insertion of a microelectrode beneath the pia to a depth of 


approx. 1‘5 mm, same recording site as d. f, as in e, preceded by a tetanus. g, with the 
microelectrode inserted into the white matter, approx. 3-0 mm deep, same site as d. h and i, 
as d and g with a slower time sweep, showing that the lemniscus waves recorded deep to the 
cell layers are the mirror image of those recorded on the surface. Time markers: y, 0-5 msec 
(for a-g); z, 2-0 msec (for A, ). 


electrode is approaching the region of activity; then, with a further slight 
advancement of the microelectrode sudden changes of potential in the form of 
spikes and waves appear in the record (Figs. 3b, 46). These are linked to the 
stimulus, distinct from the random activity which occurs from time to time 
while the recordings are being made. These spikes are recorded from the cell 
layers of the cortex at a depth of approximately 1-2-2-0 mm. It is dificult to 
determine the depth exactly owing to pial dimpling, and iron deposition from 
the electrode tip is unsatisfactory in these experiments as movement of the 
cortex occurs with respiration, so that the position of the electrode tip may 
alter between recording and deposition of iron. The activity usually occurred 
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in two main groups in the pericruciate region (Fig. 36). As the electrode is 


racked further, spikes are seen no longer and negative-going waves are recorded 
when the electrode tip is among axons in the white matter (Fig. 3c). 

The only constant wave recorded from the white matter is a positive-negative 
wave with a peak at a conduction velocity of approximately 50 m/sec due 
to the electrical field generated by theartivalatthecortex ofthe first pyramidal 


Fig. 4. Antidromiec records. @, positive-negative diphasio wave recorded by @ microelectrode deep 
to the pia in motor and sensory areas of cortex when the pyramid is adequately stimulated 
in the medulla (c.p. 51 mm). 5, spike potential superimposed on this wave as the micro- 
electrode is inserted further. c-e, typical spike potentials recorded from the cell layers of the 
cortex on stimulation of the pyramids in the medulla—from the posterior sigmoid gyrus 
(c.p. 46 mm), middle supra-sylvian gyrus (o.p. 44 mm), and secondary somatic area (C.D. 
38 mm) respectively. f,g, typical rows of spikes recorded from pericruciate cortex (0.D. 
48mm). A, from the medial surface of the hemisphere, area 4 (c.p. 48 mm.) i, from the 
secondary somatic area (c.p. 37 mm). j, from the medial third of the anterior sigmoid gyrus, 
area 6 (c.p. 50 mm). Time markers: y 0-2 msec; z 0-5 msec. 


group volley. It occasionally bears a second negative deflexion on the de- 
scending phase, and may be followed by a slow negative wave of low amplitude 
(Fig. 3c). It is difficult to exclude lemniscus fibres completely as a cause of 
this slow wave, for when the pyramid is stimulated in the medulla the medial 
lemniscus is liable to be activated as well. Fortunately, the full lemniscus 


response can be recognized easily. As Woolsey & Chang (1947) pointed out, 


‘ 
7 
« 
‘ 
~ 
4 
J 7 
= 
a * 
4 
¥ 
* 
e4 
te 


392 J..W. LANCE AND R. L. MANNING 


it takes the form of a slow positive-negative wave as recorded on the 
cortical surface (Fig. 3d, h). When a microelectrode is inserted into the 
cortex, spikes are recorded superimposed on a negative wave corresponding to 
the positive phase of the lemniscus surface wave (Fig. 3e) and are unlikely to 
be confused with the spike responses of antidromic pyramidal impulses which 
arise from a straight base-line (Fig. 4f-). Following a tetanus (6 impulses at 
250/sec) the lemniscus response largely, but not entirely, disappears (Fig. 3/). 
This residual negative wave which may be due to direct, non-synaptic, 
lemniscus fibres cannot be distinguished from late pyramidal activity. Deep 
to the cell layers of the cortex the lemniscus waves are a mirror image of those 
recorded on the surface (Fig. 4g, +). | 

The localization of the origin of the pyramidal tract by antidromic stimula- 
tion was therefore based on the distribution of spikes recorded in the immediate 
vicinity of cortical cells, rather than on the slow potential changes recorded 
superficial and deep to cell layers which are caused by widespread electrical 
fields and can so easily be confused by the activity of medial lemniscus. 

Following stimulation of the pyramids in the medulla, a microelectrode 
inserted into the pericruciate cortex of area 4 recorded showers of spike 
potentials at all placements of the electrode (Fig. 4f-h). Away from area 4, 
only one or two spikes appeared, and no particular cortical point could be 
relied on to give a spike response, even though the diphasic wave of the electrical 
field (Fig. 4a) was usually recorded, and adjacent cortex 1 mm from the point 
gave rise to typical spikes. The map of responsive points (Fig. 5) is a com- 
posite of many experiments, but the points plotted in the areas other than 
pericruciate were not consistent from one experiment to another, although the 
ratio of positive to negative points indicated on the map is quite typical. It 
was frequently found that spike responses could no longer be obtained from 
any area after the experiment had been in progress about 3 hr. More spikes 
would probably have been recorded in all areas and the preparations lasted 
longer had the animals not been anaesthetized by barbiturates (Li & Jasper, 
1953). On occasions a run of spikes occurred at fairly regular intervals which 
suggested that one or more cells were firing repetitively (Fig. 47). This could 
be explained by recurrent pyramidal fibres synapsing with interneurones that 
return to activate cells at the recording site. 

The form of an individual spike is a sharply rising negative wave followed 
by @ positive wave smaller in amplitude (Fig. 4b-d). Single unit spikes of 
similar conformation have been reported occurring spontaneously in the cat 
cortex by Li & Jasper (1953), and following afferent stimulation by Amassian 
(1953). The latter found the duration of the initial negative spike usually to 
lie between 0-3 and 0-64 msec. On accasions we have seen the negative com- 
ponent of very short duration (0-2 msec) and at other times a compound spike 
composed of two or more units (Fig. 4e). From the rapidity with which spikes 
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appear and disappear with only minor adjustments of the electrode, it is 
probable that they may only be recorded when the tip is very close to the cell 
body; Li & Jasper estimated the potential field to be of the order of 60 in 
diameter. Spikes were photographed for record purposes only when they were 


Fig. 5. Origin of the pyramidal tract in the cat determined by the distribution of spike potentials 
consequent on antidromic activation of the tract in the medulla. Aspects of the brain 
illustrated are a, anterior; b, dorsal; c, medial; d, lateral. The large dots indicate consistent 
responses composed of many spikes, the small dots indicate variable responses usually of one 
or two spikes, and the crosses occasional responses attributed to the stimulation of cortico- 
quintine fibres. The areas have been given numbers after Winkler & Potter (1914) and Garol 
(19425). 

consistently present for a number of time-base sweeps, and obviously linked 

to the stimulus, to avoid confusion with random activity. The spike is almost 

certainly due to depolarization of a cell body following the arrival of an anti- 

dromically conducted impulse in its axon. 
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Distribuation of antideoms 

Points yielding a spike response are illustrated in the cortical maps of Fig. 5. 
Conduction time for each spike was measured to the onset of the sharp 
negative upsweep. 

The frontal cortex of the cat (‘area 6’ of Winkler & Potter, 1914) comprises 
the medial third of the anterior sigmoid gyrus and continues on to the medial 
surface of the hemisphere inferior to the cruciate sulcus. Although no response 
was recorded in the pyramids when this area was stimulated in orthodromic 
experiments, indicating the paucity of fibres which originate from it, some 
spikes were always recorded from this area in antidromic experiments (Fig. 47). 
They were few in number, with a latency corresponding to a slow conduction 
velocity (7-14 m/sec) and therefore presumably from axons of fine calibre of 
the order of ly axon diameter. However the possibility that they were 
recorded from cells stimulated by recurrent pyramidal collaterals could not 
be excluded. 

Within the ‘motor area’ or ‘area 4’ showers of spikes were recorded con- 
sistently with each placement of the electrode. These frequently appeared in 
two groups both at the lateral end of the cruciate sulcus and anterior to it, but 
elsewhere there was usually a continuous row of spikes (Fig. 4/, g) covering 
a range of conduction velocities 5-69 m/sec. In a few experiments no activity 
was seen faster than 50 m/sec. Closer to the mid-line in the posterior sigmoid 
gyrus there were few fast spikes (consistent with the orthodromic experiments), 
the fastest being about 40 m/sec. Similarly, as points in the anterior sigmoid 
gyrus were plotted medially, the conduction velocity of the fastest activity 
dropped to about 30 m/sec; then, as area 6 was reached, to 12-14 m/sec. In 
the coronal gyrus, between the cruciate and coronal sulci, responses occurred 
in the range 7-60 m/sec, there usually being one or two unresponsive points 
next to the coronal sulcus. Inferolateral to the coronal sulcus, an area shown 
previously to be connected with facial movement (Ward & Clark, 1935; Garol, 
_ 19424), results were inconsistent. In some experiments responses were recorded 
(7-30 m/sec with an occasional spike at 60 m/sec), but in other experiments no 
responses were obtained from this region. These spikes when present are con- 
sidered to follow the stimulation of corticoquintine fibres in the medulla and 
their variability therefore to be due to the numbers of such fibres present at 
the level of the pyramid stimulated in a given experiment. Area 4 con- 
tinues on the medial surface of the hemisphere superior to the cruciate sulcus 
and responses are recorded here of 8-45 m/sec (Fig. 4). 

Posterior to the homologue of Rolando where motor cortex gives way to 
sensory, responses became less frequent, and more consisted of single spikes. 
Although orthodromic stimulation suggested that there were few fibres in the 
sensory cortex with conduction velocities greater than 40 m/sec, antidromic 
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spikes were recorded over the whole range up to 58 m/sec. Similar responses 
were obtained throughout Campbell’s ‘sensory cortex’. A few spikes of slow 
velocity (8-20 m/sec) were obtained from the parietal cortex on the medial 
surface of the hemisphere. The responses from the anterior part of the lateral 
gyrus and the anterior suprasylvian gyrus were similar to those immediately 
posterior to the homologue of Rolando. The area inferior to the anterior limb 
of the suprasylvian sulcus, the ‘secondary somatic area’, showed little dif- 
ference in the number of spike responses from the remainder of the parietal 
cortex. The distribution of conduction velocities was the same as in the peri- 
cruciate area and some fast spikes of 60-65 m/sec were recorded. 

The relative number of fibres arising from different cortical areas can be 
roughly estimated by counting the spikes recorded from these areas in all 
experiments. As points 1 mm apart were examined in all areas, this may be 
regarded as a fair method of sampling but it ignores a lot of the buried cortex 
deep in the cruciate and other sulci. It appears probable that at least two- 
thirds of pyramidal fibres arise anterior to the homologue of Rolando. The 
remaining one-third, or less, arise from parietal areas. Approximately 3°%, 
of the total fibres have conduction velocities greater than 60 m/sec; most of 
these occur in the pericruciate area with an occasional one in the ‘secondary 
somatic area’. 

DISCUSSION 
Consideration of all experiments, antidromic and orthodromic, shows that the 
characteristic range of velocities in the pyramidal tract is 7-70 m/sec, values 
that agree well with those previously determined for the tract in the spinal 
cord (Lance, 1954). The orthodromic response recorded in the pyramids or in 
the upper cervical segments demonstrates three waves of activity, the first two 
of which are undisturbed by a tetanus, and are apparently caused by the 
activity of two pyramidal fibre groups. The third wave depends on a synaptic 
relay. Patton & Amassian (1952) reported only one direct wave, and a number 
of indirect or relayed waves in the corticospinal response, presenting evidence 
that this relay occurs in the cortex. Wall, Rémond & Dobson (1953), while 
demonstrating the effect of visual stimulation in facilitating pyramidal activity, 
found three orthodromic pyramidal waves similar to those reported here, but 
followed Patton & Amassian’s interpretation, considering that only the first 
of these waves was caused by unrelayed fibres. As two waves have survived 
tetanic stimulation in all our orthodromic experiments and the third wave has 
consistently succumbed, there is good evidence that the direct pyramidal 
response represents two fibre groups. The waves of activity of these groups 
attain their greatest amplitude at 48-57 and 22-25 m/sec respectively in their 
path from cortex to brain stem. When the pyramidal tract is stimulated in the 
_ medulla, two groups can be recorded in the contralateral corticospinal tract 
down to lumbar segments of the cord, reaching maxima at 45-56 and 
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11-16 m/sec respectively (Lance, 1954). There is thus little alteration in the 
conduction velocity of the first group in its path from cortex to cord, but the 
second group alters markedly from approximately 24 m/sec to approximately 
14 m/sec. This is probably related to the large numbers of collaterals distri- 
buted by the pyramidal tract to pontine and medullary nuclei. Brookhart 
& Morris (1948) examined quantitatively the histology of the pyramids in the 
cat medulla and found no evidence of segregation into fibre groups. However, 
Haggquist (1937) published a spectrum of fibre-diameters in the pyramid of 
Macacus rhesus which showed a large group of fibres 1-3 in diameter with 
the suggestion of a second mode at 6~7 » diameter, and in 1942 Szentagothai- 
Schimert reported two modes of distribution in the human pyramid at 1 and 
7 » respectively. 

The pyramidal tract in the cat has been found to arise from the ‘frontal’, 
‘motor’ and ‘sensory’ areas of Campbell (1905). It is possible that some of the 
spikes recorded from parietal and frontal areas could result from depolariza- 
tion of cells by recurrent pyramidal collaterals, However, spikes have been 
recorded in parietal areas with latencies that preclude an interposed synapse, 
whereas this possibility cannot be eliminated in the frontal region. The distinc- 
tion between ‘frontal’ and ‘motor’ cortex (areas 6 and 4) is clear histologically 
and occurs approximately at the junction of the medial third and lateral two- 
thirds of the anterior sigmoid gyrus (Campbell, 1905; Winkler & Potter, 1914; 
Langworthy, 1928). Evidence of a contribution from area 6 to the pyramidal 
tract in monkey and man is doubtful as there are conflicting reports in the 
literature (Mettler, 1935; Hoff, 1935; Kennard, 1935; Levin, 1936; Verhaart 
& Kennard, 1940; Minckler, Klemme & Minckler, 1944). Time relations of the 
few spikes recorded from the frontal region in the present study indicate 
that any fibres arising from this area are of slow conduction velocity, therefore 
fine in calibre and difficult to trace by any histological method, a difficulty 
that may account for the inconclusive findings in experimental work in the 
monkey. 

It is now established that a large number of pyramidal fibres arise from 
parietal areas in the monkey (Levin & Bradford, 1938; Lassek, 1942; Peele, 
1942), cat (Gobbel & Liles, 1945) and dog (Spiegel, Weston & Oppenheimer, 
1943). These findings are confirmed by the electrophysiological studies of 
Woolsey & Chang (1947) and, for the cat, by the present study. The histology 
of Campbell’s ‘sensory area’ has not been adequately studied in the cat but 
includes cortex with the cytoarchitectonic structure of areas 3, 1 and 5 (Winkler 
& Potter, 1914). Garol (19425) has subdivided this area on the basis of 
strychnine neuronography and the origin of the pyramidal tract includes his 
areas 3, 2s, 1 and 5a. 

At least two-thirds of pyramidal fibres take origin anterior to the homologue 
of Rolando in the cat, and the same ratio has been recently reported by Lassek 
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(1952) for the monkey. About 3% of all antidromic spikes recorded in this 
study indicated conduction velocities greater than 60 m/sec, and most of these 
occurred around the lateral end of the cruciate sulcus, although some were 
_ found in the ‘secondary somatic area’. In 1878, Lewis described the largest 
‘Betz cells’ in the cat as being in the former region, averaging in size 83 x 37 j.. 
It seems reasonable to assume that these large cells give rise to axons with the 
fastest activity of 60-70 m/sec, which corresponds to an axon diameter of 
7-8 (Gasser & Grundfest, 1939). 

Fibres of conduction velocity less than 60 m/sec were distributed evenly 
throughout all areas as judged by the frequency of spike discharges in anti- 
dromic studies. However, orthodromic stimulation suggested that the velocity 
of most fibres from cortex outside the pericruciate and secondary somatic 
areas was considerably slower than that of fibres from these two areas. The 
orthodromic method is probably more reliable here as many of the antidromic 
impulses in small axons may be blocked at the axon hillock and fail to dis- 
charge their parent cell. In summary, it may be stated that some fibres from 
both main pyramidal groups arise from parietal areas 3, 1 and 5, as well as 
from area 4, 

The motor cortex of the cat has been subjected to many stimulation experi- 
ments since Ferrier (1890) showed in 1870 that hindlimb movements could be 
elicited from the posterior sigmoid gyrus and forelimb movements from the 
anterior sigmoid. The most recent complete study of this type is that of Garol 
(19424), who found that the distal part of the hindlimb was served by the 
medial half of the posterior sigmoid gyrus, and hip movements by the lateral 
half. The anterior sigmoid and coronal gyri initiated forelimb movements. 
Movements were also obtained from the ‘secondary somatic area’—facial 
movements from the superior part, and reciprocal movements of one forelimb 
and the opposite hindlimb from the inferior part. The areas found responsive 
to stimulation by Garol are those which are found in this study to make the 
greatest contribution to the pyramidal tract. 

Our findings thus confirm and expand those of Woolsey & Chang (1947), the 
main point of difference being the range of conduction velocities in the tract 
which they estimated at 2-100 m/sec, an estimate based on recording of waves 
from the surface of the cortex. The onset and termination of these surface 
waves are difficult to define with accuracy, whereas spike potentials from the 
cell layers are clear-cut, and the range of velocities determined from them in 
this paper has been checked by orthodromic stimulation. 


SUMMARY 
1. The origin of the pyramidal tract in the cat has been studied by ortho- 
_ dromic and antidromic activation of tract fibres. The average range of con- 
duction velocities in the tract was found to be 7-70 m/sec. 
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2. The pyramidal tract comprises two groups of fibres in brain and spinal 
cord. The wave of activity caused by the first of these groups reaches a 
maximum amplitude at a conduction velocity of approximately 50 m/sec 
throughout its path from cortex to lumbar spinal cord segments; the second 
reaches a maximum at approximately 24 m/sec from cortex to brain-stem, and 
approximately 14 m/sec from brain-stem to cord. This slowing of conduction 
velocity is attributed to diminution in axon diameter following distribution 
of collaterals to nuclei of the pons and medulla. 

3. At least two-thirds of pyramidal fibres take origin anterior to the homo- 
logue of Rolando, the remaining one-third or less arising from ‘sensory’ 
cortex. About 3% of fibres have conduction velocities greater than 60 m/sec, 
and these arise mainly from the pericruciate cortex, a few arising from the 
‘secondary somatic area’. 

4, Some fibres from both pyramidal groups arise from cortical areas 4, 3, 1 
and 5, the average conduction velocity of parieto-spinal fibres being less than 
that of fibres from the two ‘motor’ areas. Area 6 may contribute a few fibres 
of slow conduction velocity (7-14 m/sec) to the tract. 
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THE SUMMATION AREAS OF HUMAN COLOUR-RECEPTIVE 
MECHANISMS AT INCREMENT THRESHOLD 


By G. 8. BRINDLEY 
From the R.A.F. Institute of Aviation Medicine, Farnborough, Hants 


(Received 9 December 1953) 


In two classes of conditions in which one of the three colour-receptive 
mechanisms of trichromatic theory is probably isolated from the other two, 
namely in monochromacies produced by adaptation to very bright lights 
(Brindley, 1953, p. 342), and near to increment threshold for one colour on 
a background of a different colour (Stiles, 1949, p. 152; this paper, §1), it is 
found that in the conditions probably isolating the ‘blue’ mechanism, visual 
acuity is substantially worse than in comparable conditions allowing all the 
mechanisms to take part or in those probably isolating the ‘green’ or ‘red’ 
mechanisms. This low visual acuity associated with the ‘blue’ mechanisms 
could readily be explained if its receptors were very scarce, or alternatively if 
there were much convergence in it, for example each optic nerve fibre serving 
many receptors. The present experiments were designed to provide evidence 
on these two possible explanations. 


METHODS 


Fig. 1 shows the apparatus used. The background field was provided by the ribbon filament 
lamp S,, whose filament was imaged by L, on the artificial pupil, the light being reflected from 
a neutral filter of density 0-5 placed at 45°. Its size and shape, a circle of 4° diameter, was deter- 
mined by the stop H,. The fixation mark was a black spot. on a glass plate mounted on a micro- 
scope mechanical stage. It was easy to fix the eye on the image of this in the front surface only 
of the neutral filter, since that in the back surface was attenuated more than 10 times by absorp- 
tion. The test flashes, controlled in duration by a pendulum shutter operated by the subject, in 
size by an interchangeable set of drilled metal plates at H,, and in luminance discontinuously by 
neutral filters and continuously by polaroids, were provided by S,, which was imaged by L, on 
the artificial pupil. Wavebands of the background and test fields were controlled by Ilford 
spectrum filters. In the text, ‘violet’ refers to light filtered by ‘spectrum violet’ filter, having 
maximum transmission at 428 my and visual equivalent wavelength in the apparatus about 
454 my, ‘green’ to “spectrum yellow-green’ filter of transmission maximum 548 my and visual 
equivalent about 548 my, and ‘red’ to ‘spectrum deep red’ filter of visual equivalent about 
680 my. All the filters used were calibrated throughout the spectrum with a Beckman spectro- 
photometer. Transmission by the polaroids proportional to cos* of the angle between them was 
assumed. A visual check in the apparatus against calibrated neutral filters failed to demonstrate 
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any departure from this exceeding 0-02 log. unit. The luminances of background fields were deter- 
mined with a calibrated S.E.1. photometer. Since these determinations involved heterochromatic 
matching, they were not accurate, but the inaccuracy is of little importance, as all the phenomena 
here investigated were found to be virtually unchanged over wide ranges of background luminance. 


In most of the experiments, the subject's head was fixed in relation to the artificial pupil by 
his biting on a rigidly clamped dental impression. 

Three methods were used to attempt to ensure that the image of the test flash on the retina 
was sharp, so that the true retinal areas illuminated were proportional to the angles subtended at 
the eye by the test fields: 

(1) The distance of the fixation mark from the eye was adjusted to allow for the eye’s chromatic 
aberration, so that for the pair of wavebands used the fixation mark and field stop appeared 
sharply focused simultaneously. In an experiment, the subject waited until he had the fixation 
mark sharply in focus before releasing the shutter. 

(2) In a few experiments, the device of (1) was supplemented by paralysing the subject's 
accommodation with homatropine, and correcting his refraction for the distance and waveband 
of the test flash with a spectacle lens placed immediately in front of the artificial pupil. Results 
obtained in this way were indistinguishable from those obtained for the same wavebands and 
retinal location without homatropine. 

PH. CXXIV. 26 


——— Movable polaroid 
———— Fixed polaroid | 
| } Filters 
(2) Neutral filter 
| of density 0-5 
S; L, 
H, 
<— Spectacle lens 
Artificial pupil 
Fig. 1. Diagram of apparatus. F 
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(3) In some experiments (1) was supplemented by reducing the size of artificial pupil from its 
usual size of 3 mm diameter to 1 mm diameter, thereby reducing the confusion due to defective 
focusing at the cost of increasing that due to diffraction. Results obtained at the two pupil sizes 
for non-foveal flashes agreed, so that the results cannot be much disturbed by any difference in 
the refractive correction required for the foveal centre and that for locations up to 3° from it. 

The thresholds given in Figs. 3—5 are estimates of the 50% frequency-of-seeing point, and were 
determined from the ‘seen’ or ‘not seen’ responses to about eight flashes given at each of three 
luminances differing from each other by 0-12 log. unit, the three luminances to be tried being 
chosen on the basis of the results of a few preliminary ranging flashes. For subjects other than 
the author, the actual luminance of each flash was unknown to the subject both before and after 
he said whether or not he had seen it. For the author as subject, the polaroid setting was made 
by the subject himself, and was therefore known to him before he released the shutter. For this 
subject, the different sizes of test field were presented in random order, and each threshold deter- 
mined before the field size was identified and noted down. For the other subjects, the series of 
field stops was presented twice in order of size, once beginning with the largest and once with the 
smallest. 

Visual acuity was determined by means of a series of twenty-one square gratings of nine opaque 
and ten transparent strips of equal width, each grating being of linear dimensions about 1-18 times 
those of the next smaller one. They were inserted in the apparatus to replace the stop H,. 


RESULTS | 
(1) Visual acuity for a grating of one colour on a uniform background of another 


Fig. 2 shows the author’s visual acuity for gratings of varying luminance on 
constant uniform backgrounds of a different colour. The curves for a red 


log, visual acuity (min) 


0 05 10 15 20 25 30 35 
log.tuminance of test grating (arbitrary units) 


Fig. 2. Variation of visual acuity with luminance of test grating. @, green grating, red back- 
ground; O, red grating, green background; ©, violet grating, green background; @, violet 
grating, red background. Artificial pupil, 3mm. Background luminance, 60 mL. 

grating on a green background and for a green grating on a red background 

are simple in shape and of continuously increasing gradient with decreasing 

luminance. Those for a violet grating on either a red or a green background 


show a marked levelling out at an acuity of about 7-5’, a value at which the 


other two curves are descending steeply. 
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(2) Evidence that ‘blue’ receptors are not very scarce 
A violet spot 3’ in diameter on a green background was moved across the 
visual field at distances varying between 40’ and 3° from the foveal centre. 
For no retinal position, test luminance or background luminance was it ever 
seen to flash on and off, or to change in apparent brightness discontinuously 


during continuous movement produced by slowly turning the control screw 
of the fixation points. 


(3) Variation of ‘red’, ‘green’ and ‘blue’ increment thresholds and of absolute 
rod threshold with distance from the foveal centre 


Fig. 3 shows these for the author in the vertical meridian below the foveal 
centre. 


T 


log, luminance of test flash (arbitrary units) 
CE . 
L 


5 | | | | ] 

0 30 1° 1° 30/ y 2°30 3° 3°30 
Distance of test field from fixation point 

_ Fig. 3. Variation of absolute and increment sensitivity with angular distance below the fixation 
point. ©, absolute threshold, blue-green test flash 30’ diameter; (), absolute threshold, 
blue-green test flash 8’ diameter; ©, increment threshold, violet test flash 8’ diameter on 
green; @, increment threshold, green test flash 5’ diameter on red; ©, increment threshold, 
red test flash 5’ diameter on green. Artificial pupil 3mm. Background luminance for all the 
increment thresholds was 60 mL. Duration of flashes 95 msec. 


The arbitrary units of test luminance are different for the three kinds of 
increment threshold, but the same for the two field sizes of absolute threshold, 
so that the distance between these curves provides a measure of spatial 
summation in the rod pathway; it increases with distance from the fovea, but 
the larger field does not lie within the Riccé area even at 3° 30’. The 8’ field 
appeared coloured at absolute threshold up to 48’ from the fixation point, the 

30’ one only up to 24’. 
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(4) Area-intensity relation at increment threshold 
Figs. 4 and 5 show the increment thresholds for different sizes of test flash 


at 55’ and 3° below the foveal centre for red on green, green on red, violet on 
green, and (at 55’ only) violet on red. In both the regions chosen, none of the 
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log.luminance of test flash (arbitrary units) 
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Fig. 4. Variation of increment sensitivity with size of test field, 55’ below the fixation point. 
O, red test flash on green background; @, green on red; &, violet on red. @©, violet on green. 
Luminance of green backgrounds 600 mL, of red backgrounds 60 mL. Artificial pupil 3 mm. 
Duration of flashes 95 msec. 


increment thresholds is varying much with distance from the foveal centre. 
It will be seen that at both retinal locations for violet on green or red, the 
points agree fairly well with a straight line inclined at 45°, i.e. with Riccé’s 
law, for field sizes up to about 13’. At 55’ from the fixation point, no part of 
the experimental data for green on red or red on green fit this law, and at 3° 
none for field sizes exceeding 4’. 

Results very similar to those of Figs. 4 and 5 were obtained for two other 
subjects with normal colour vision at 55’ from the fixation point, and for 
a third subject at 40’ from the fixation point. For all of these subjects, the 
field size at which Riccé’s law ceased to hold for violet on green was a little 
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larger than for the author: about 16’ diameter for the two subjects tested at 
55’ and about 20’ diameter for the one tested at 40’. 


le 


: 
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log. luminance of test flash (arbitrary units) 
; 3 
e! 
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25 
| i i i i | i i i i | i 
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log. diameter of test flash (min) 


Fig. 5. Symbols and conditions as in Fig. 4, but 3° below fixation point. 


(5) Effect of the state of adaptation on the summation area of the ‘blue’ mechanism 
_ The results of Figs. 4 and 5 for violet increment threshold on a green back- 
ground were obtained with the eye adapted to a background luminance of 
600 mL, i.e. at a high degree of light-adaptation. To investigate whether the 
summation area of the ‘blue’ mechanism is affected by the state of adaptation 
of the eye, the measurements at 55’ from the fixation point were repeated 
after 40 min preliminary dark adaptation at background luminance 0-3 mL. 
The size of the Riccé area found under these conditions was indistinguishable 
from that found at the 2000 times higher luminance. At background luminance 
0-3 mL, the test flash appeared blue at threshold. An attempt was made to 
measure ‘blue’ increment thresholds 55’ from the fixation point in the dark- 
adapted eye at 0-03 mL, but the test flashes then appeared colourless at 
threshold, so that it seems likely that rods were concerned. 


DISCUSSION 
(1) Visual acuity for a grating of one colour on a uniform background of another 
The marked levelling out, at about 7-5’ acuity, of the curve relating log. acuity 


to log. test luminance for violet gratings on red or green seems to be probably 
due to the change from detection of the grating by both ‘blue’ and ‘green’ 
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mechanisms at high luminance (the ‘green’ mechanism being then mainly or 
wholly responsible for acuity) to detection by the ‘blue’ mechanism alone at 
low luminance, the suggested acuities of the two mechanisms being indicated 
by the dotted curves in Fig. 2. This is the explanation given by Stiles (1949, 
p. 152) to his similar experimental result, and if correct, supports the evidence 
from monochromacies produced by adaptation (Brindley, 1953, p. 343) that 
the ‘blue’ mechanism has a lower visual acuity than the ‘red’ or ‘green’. The 
evidence from adaptation monochromacies puts the maximum value of this 
acuity at about 12’, the present evidence at about 7-5’. Part of this difference 
is probably due to the amount of the grating visible; in the experiments on 
adaptation monochromacy this was limited by a stop of 1° 18’ diameter, in 
the present ones only by one of 4° diameter; but there may also be a real 
difference in acuity between the two states. 


(2) Evidence that the ‘blue’ receptors are not very scarce 

The experiments of this section, like the analogous one in the state of 
adaptation monochromacy (Brindley, 1953, p. 349), cannot with certainty set 
an upper bound to the size of the gaps between the receptors of the ‘blue’ 
mechanism, because we cannot be certain of the time or completeness of 
intermission of stimulation of the receptor system required to be detected as 
an apparent flashing off of the blue spot; but it would be surprising if with the 
3’ test field a retinal mosaic whose mean inter-receptor distance was 6’ did not 
reveal its gaps; and even this would not suffice to account for a grating acuity of 
7-5’ in the present conditions and 12’ in the ‘violet’ adaptation monochromacy. 


(3) Variation of ‘red’, ‘green’ and ‘blue’ increment threshold and of absolute 
rod threshold with distance from the foveal centre 

These measurements were made for two purposes: first to choose, for the 
investigation of the area-intensity relation at increment threshold, retinal 
locations at which the increment threshold for a small field was not varying 
much with position; and secondly, to provide evidence on whether the 
receptors responsible for the ‘blue’ increment threshold could possibly be 
the same as those responsible for absolute threshold in the fully dark-adapted 
eye, i.e. the rods. It will be seen that the data give no support to this hypo- 
thesis; for example, the ‘blue’ increment sensitivity is nearly maximal at 
36’ from the foveal centre, where the absolute sensitivity to blue-green for 
the same size of field (8’ diameter) is low, and the field appears coloured at 
threshold, so that the rod sensitivity, if it exists at-all, is presumably lower 
still; and between 1° 12’ and 2° from the fixation point, where the rod sensitivity 
is rising with increasing distance, the ‘blue’ increment sensitivity is falling 
steeply. | 
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(4) Area-intensity relation at increment threshold 

The use of Riceé’s law as evidence for a convergence of pathways from 
a retinal area corresponding approximately to the largest field size for which 
the law holds has both a theoretical and an experimental basis. The theoretical 
argument, that the law can be simply accounted for if the condition for 
threshold is that a quantum must be absorbed in each of a fixed number of the 
receptors within the Riccé area, and that this requires convergence on to 
a nerve cell which shall discharge if the required number has been reached 
and not otherwise, does not indicate the anatomical level of the convergence. 
The experimental arguments place it, for the known examples, at the retinal 
ganglion cells. In the human dark-adapted periphery, where each retinal 
ganglion cell serves many rods, Riccé’s law holds both at absolute threshold 
(Riceé, 1877, and many later authors) and at increment threshold (Bouman, 
1950) up to substantial areas which could correspond to the receptive fields 
of ganglion cells, whereas in the central fovea, for which there are approxi- 
mately as many ganglion cells as cones, the Riccé area is so small that it may 
be due only to the optical defects of the eye. In the frog eye (Hartline, 1940; 
Barlow, 1953) Riccé’s law holds for the greater part of the receptive field of 
each retinal ganglion cell or optic nerve fibre. | 

The present results fix the Riccé area for the increment threshold of violet 
on green or red clearly at more than 12’ and less than 18’ for the author at both 
55’ and 3° from the foveal centre, and at roughly the same size for three other 
subjects at 55’ or 40’ from the foveal centre. Of the increment thresholds of red 
on green and green on red, they fix only that the Riccé area certainly does not 
exceed 4’ diameter at 55’ from the foveal centre and 5’ diameter at 3°, In the 
results for 3° from the foveal centre, the steepening of the curve between the 
two smallest field sizes for red on green or green on red may be a true retinal 
property; but it could be due to imperfect focusing of these small fields. 

The results are consistent with, and give some support to, a hypothesis 
which is attractive in its simplicity and potentiality for correlation in detail 
with retinal histology; namely that, at least in the fovea, the receptors of the 
‘red’ and ‘green’ mechanisms are connected to midget bipolar cells and midget 
ganglion cells, so that each receptor has its own pathway to the lateral 
geniculate body, and those of the ‘blue’ mechanism to flat or brush bipolar 
cells. This would allow physiological spatial summation in the ‘blue’ pathway, 
and limit its visual acuity by a shortage of channels not at the receptor level 
but more centrally, probably at the level of retinal ganglion cells. 
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SUMMARY 

1. Under conditions probably isolating the ‘red’ and ‘green’ mechanisms 
of colour vision, visual acuity for a grating of one colour on a uniform back- 
ground of another is nearly independent of the brightness of the grating only 
at high values around 1’ of arc. Under conditions probably isolating the 
‘blue’ mechanism, it is nearly independent of brightness at the low value 
7-5’ of are. 

2. Evidence is presented that the ‘blue’ receptors are not very scarce. 

3. ‘Blue’ increment threshold varies with retinal position in a manner 
clearly different from rod threshold. 

4. Riccdé’s law holds for ‘blue’ increment threshold for fields of up to about 
13’ diameter. The size of the Riccé area is not found to change with the state 
of adaptation of the eye. For ‘red’ and ‘green’ increment threshold the 
Riccé area is much smaller. 

5. It is suggested that the receptors of the ‘red’ and ‘green’ mechanisms 
of the fovea may be connected to midget bipolar cells and midget ganglion 
cells, those of the ‘blue’ mechanism to flat or brush bipolar cells. 


I am indebted to the Director-General of Medical Services, R.A.F. for permission to publish 
this work. 
REFERENCES 
Bartow, H. B. (1953). Summation and inhibition in the frog’s retina. J. Physiol. 119, 69-88. 
Bases. SOR Peripheral contrast thresholds of the human eye. J. opt. Soc. Amer. 40, 


Parrot, 6 8. wae The effecte on colour vision of adaptation to very bright lights. J. Physiol. 


Hanriiwe, H. (1940). The effects of spatial summation in the retina on the excitation of the 
fibres of the optic nerve. Amer. J. Physiol. 130, 700-711. 


a A. a Relazione fra il minimo angolo visuale e l’intensité luminosa. Ann. Ottalm. 6, 


ophthal. 3, 138-163. 


h 

7 n 
0 

p 
h 
we 

u 
en 

2 p 
on 
1g 
‘ dij 
se 
Ww 
4 as 
inc 
co 
ph 
A 


J. Physiol. (1954) 124, 409-416 


THE HISTOCHEMICAL DEPHOSPHORYLATION OF 
OESTROGEN PHOSPHATES 


By GEOFFREY H. BOURNE 
Hoos the Histology Department, London Hospital Medical College 
(Received 22 December 1953) 


Non-specific phosphatases are widespread in the body and can be detected 
histochemically by the method of Gomori (1940, see Gomori, 1951). These 
non-specific phosphatases readily hydrolyse glycerophosphates and sugar 
phosphates. An investigation has been made in this laboratory on the extent 
of the hydrolytic activity of these enzymes by offering them a variety of 
phosphoric esters as substrates. Among these were the phosphates of oestrone, 
hexoestrol and di-ethy! stilboestrol, and the present work refers to the results 
obtained by using these substrates. 


MATERIALS AND METHODS 


Three male and three female rats were killed by a blow on the neck, and the following tissues 
were immediately removed and fixed for 24 hr in ice-cold acetone: liver, adrenal, jejunum, 
_ cerebrum, cerebellum, pituitary, kidney, colon, heart muscle, skeletal muscle, testis, ovary, 
uterus and spleen. 

After fixation, tissues were embedded in wax and sectioned. To reduce possible loss of the 
enzyme the sections were not floated out on warm water when mounting on the slide but were 
pressed on to the slide by the thumb. After removal of wax, sections were incubated for 3 hr in 
one of the three substrate solutions. These were based on Gomori’s (1940) technique (Gomori, 
1951). 100 mg of oestrone 3-phosphate monohydrate or molar quivalent of tetrasodium hexoestrol 
diphosphate trihydrate or tetrasodium stilboestrol diphosphate tetrahydrate were added to 
separate portions of the calcium chloride. buffer solution (Gomori, 1951). The pH of each mixture 
was 9-0. Only approximately 70% of each ester was, however, dissolved at this pH. 

Sections of the same. tissues cut from the same block were incubated with each of the three 
oestrogen substrate solutions for 3 hr. The results of the enzyme activity were then visualized 
as black cobalt sulphide by the Gomori technique. In addition a fourth series of sections was 
incubated for the same pericd of time at pH 9-0 in sodium glycerophosphate of an equivalent 
concentration. In this way some estimate could be made of the degree to which non-specific 
phosphatases were responsible for the results obtained. 


Adrenal 

With oestrone phosphate a strong reaction was given by all the cortical nuclei 
_ (Fig. 10). It was particularly strong in the nuclei of the capsule. The cyto- 
_ plasm of all cells was negative. Medullary nuclei were also slightly positive. 
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The sinusoids were moderately positive in the outer half of the zona fasciculata ; 
elsewhere in the cortex and in the medulla they were negative. The nuclei of 
some cells scattered in the cortex were negative. The positive nuclei gave 
a moderate nuclear membrane reaction and strong internal granular reaction. 
Medullary cells gave a similar but much less intense reaction. In the fatty 
tissue surrounding the gland occasional cells with positive nuclei were 
present. 
With hexoestrol phosphate a similar nuclear reaction was found which was 
less than with oestrone phosphate in the zona reticularis and much less in the 
medulla but there was no positive sinusoidal reaction (Fig. 11). Also the 
cortical cell boundaries were moderately positive. The nuclei of the reticulo- 
endothelial cells in the sinusoids were positive with this substrate and with 
oestrone phosphate. The nucleoli were outstandingly positive and a slight 
reaction was given by the cytoplasmic granules. With stilboestrol the reaction 
was of the same type as with hexoestrol but was much less in intensity 
(Fig. 12). : 

Non-specific phosphatase in the rat adrenal appears to be restricted mainly 
to the sinusoids with only a slight reaction in the nuclei (Fig. 9). . 


Jeyunum 

With oestrone phosphate the nuclei of the cells in the tissue inside the villi 
were strongly positive (Fig. 2). The nuclei of epithelial cells of the villi though 
positive were less in intensity than the other nuclei. The nuclear reaction of 
both types of cells was most intense in the nucleoli and appeared also to be 
strong in the nuclear membrane. However, some small positive granules were 
also present in the body of the nucleus, In the cells of the crypts the only 
positive reaction was in the nucleus and it was mainly in the form of many 
small granules. The brush borders of the epithelial cells were completely 
negative but they nearly all showed a positive reaction in the Golgi region; 
the reaction also extended down the intercellular substance between the sides 
of the epithelial cells. 

A completely different picture was given by the jejunum using hexoestrol 
(Fig. 3) and stilboestrol phosphates (Fig. 4). With these substrates the brush 
borders of the epithelial cells were strongly positive but the Golgi region was 
completely negative. The epithelial cell nuclei also gave a strong reaction, 
particularly in the nucleoli and nuclear membranes and this was much stronger 
in intensity than with oestrone phosphate. The nuclei of the cells within the 
villi were only moderately positive, being much less so than those of the 
epithelial cells and much less than with oestrone phosphate. The cells of the 
crypts showed only positive nucleoli; the rest of the nucleus and the cyto- 
plasm were virtually negative. Non-specific phosphatase was localized par- 
ticularly in the brush borders which are known to give a very intense reaction 
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with glycerophosphate (Fig. 1). A positive reaction was also given by the 
Golgi material and a positive nuclear reaction was given only if the tissue was 
over-incubated. 


Kidney 

With oestrone phosphate the cortex was positive and the medulla negative 
(Fig. 6). All the nuclei in the cortex (including those of the glomeruli) were 
positive. A few proximal convoluted tubules showed a very faint brush border 
reaction but in the great majority of these tubules a reaction was given by the 
basement membrane of the proximal convoluted tubules, the brush borders 
beirig negative. The cells of these tubules gave a moderate cytoplasmic reaction 
which was in the form of rodlets and filaments which resembled mitochondria. 
In all other cortical cells only the nuclei were positive. The nuclear reaction in 
all cells appeared strong in the nuclear membrane. 

The nuclei of the cells of the transitional epithelium in the pelvis were 
strongly positive. 

With hexoestrol phosphate the nuclei of all cortical cells were slightly 
positive; all the medullary cells were completely negative (Fig. 7). There was 
a faint diffuse brush border reaction in the proximal convoluted tubules but 
virtually no other cytoplasmic reaction. There was only a faint basement 
membrane reaction in these tubules. 

With stilboestrol phosphate the reaction was mainly nuclear though some 
of the tubules gave a slight brush border reaction (Fig. 8). 

Non-specific phosphatase was localized almost completely in the brush 
borders (Fig. 5) and a strong nuclear reaction was given only by over- 
incubation. 


Cerebrum 


With the three oestrogenic substrates the nuclei of the pia mater and 
choroid plexus gave an intense positive reaction. 

In the cerebrum itself a positive reaction was given by many but not all of 
the cell nuclei, and in these a particularly intense reaction was given by the 
nucleoli. These nuclei appeared to belong to a variety of cells apart from 
the pyramidal cells, some astrocyte, oligodendroglial and neuroglial nuclei 
appeared positive. Although many of the neurones, particularly the very 
large pyramidal cells, showed a positive nucleus and completely negative 
cytoplasm and processes, small pyramidal cells could be seen in which the 
body of the cell and its processes were positive as well as the nuclei. 

In a section through the cerebral hemispheres and brain stem it could be 
seen that a positive reaction was given by many of the cells in the cerebral 
cortex and a strong reaction by the cells and fibres in the region of the 
striatum. Positive reactions could also be seen in the regions of the ventro- 
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medial hypothalamic nuclei, the posterior paraventricular nucleus and what 


appeared to be the region of the striae medullaris. The regions of Meynert’s r 
commissures appeared completely negative. c 
Although this distribution was very similar with all three substrates the ; 
TABLE 1 
Hexoestrol Stilboestrol 
Glycerophosphate Oecestrone phosphate phosphate phosphate a 
Liver Very little reaction Similar to glycero- Similar to oestrone Similar to oestrone P 
except in nucleoli. hate but nuclei phosphate. phosphate. “ 
in Glisson’s 
strongly ti 
positive. 18 
Heart Capillaries and inter- Nuclei of fibres and Nuclei positive as with Same as hexoestrol 
muscle calated disks positive capillaries itive. oestrone phosphate phosphate t 
(Fig. 17). Intercala disks, _ but intercalated (Fig. 20). n 
moderately positive disks negative. : 
(Fig. 18). Slight reaction in 4 
sarcosomes (Fig. 19). p 
Skeletal Positive reaction in Very faint reaction in Very faint reaction in Very faint reaction 
muscle capillaries. fibres. fibres. in fibres. ¥ 
Testis Capillaries and small Tunica al negative; capillaries and small blood vessels positive 
vessels, base- Leydig itive Basement membrane of p 
ment membranes of tubules slightly positive. Spermatogonia and some spermatocytes 
seminiferous tubules positive outlet md chromosomes. Spermatids and Sertoli cells V 
positive. Slight re- negative. Sperm heads moderately positive, Sn intense with t] 
action in — oestrone phosphate (Figs. 14-16). 
gonia (Fig. 13). 
Uterus Endometrial cells Similar to glycero- Only nucleoli of endometrial cells positive 
positive, particularly | phosphate butnuclei but otherwise reaction similar to oestrone 
at distal edges and in more intensely phosphate. 3 
nuclei. Subendo- positive. 
of 
u nuc 
tissue cells. tl 
Capillaries positive. t] 
Ovary Theca interna and All nuclei in stroma, § Nucleus moderately positive but nucleoli } 8) 
walls of capillaries follicles and corpus intensely positive, particularly evident in 
positive. y a luteum positive. oocyte nuclei. 
slight reaction in Nucleus of ovum ry 
nuclei. positive. Capillaries | 
positive. p 
Colon Only capillaries ae of epithelial cells positive, but nuclei of connective tissue 
positive. between crypts positive. 0 
Cerebellum Only capillaries Nucleoli of Purkinj Similar to oestrone Purkinje cell nuclei . 
positive, though in cells intensely but some and 
some a cells itive. Reaction oo cells gave a strongly positive hi 
w iti 
and pontine (ig. 2) 
reaction (Fig. 21). layer cells = a 
positive (Fig. 
positive reactions were strongest with oestrone sinebhinbs: Figs. 26-28 show f 
reactions with the three oestrogenic substrates. Fig. 26 is from the outer part ! d 
of the cortex. Figs. 27 and 28 are from neighbouring regions deeper in the g 
cortex. They are not therefore strictly comparable with each other but serve sl 
to illustrate some of the types of reaction obtained. a 


‘ 
4 
- 
i 
‘ 
; 
a 


DEPHOSPHORYLATION OF OERSTROGEN PHOSPHATES 413 


Non-specific phosphatase preparations of the cerebrum showed a positive 
reaction only in the — vessels (Fig. 25) in the pia mater and in the 
choroid plexus. 


Pituitary 

Groups of cells in which only the nuclei were positive were seen in the 
anterior lobe when oestrone phosphate was used as a substrate. In these 
patches the nuclei of the glandular epithelial cells, the endothelial cells of 
sinusoids and the reticulo-endothelial cells gave a positive reaction. In the 
tip of the anterior lobe the nuclei of all cells appeared positive but in addition 
isolated positive groups of cells were present towards the middle and rear of 
the anterior lobe. The most posterior part of this lobe was almost entirely 
negative. 

In the posterior lobe the nuclei and cytoplasm of the capillaries were 
positive. In the pituicytes the cell membrane appeared positive and there 
were some small positive granules in the cytoplasm, The fibres were negative. 

A similar result was obtained with hexoestrol and stilboestrol, although the 
positive patches were smaller and their activity less with these two substrates. 
With glycerophosphate the strongest reaction was given by the sinusoids, 
though a nuclear reaction was also noted in the anterior lobe. 

The results with other tissues or organs are given in Table 1. 


DISCUSSION 
From a histochemical point of view two questions must be posed: (1) Are 
the oestrogenic substrates hydrolysed by the non-specific phosphatases? (2) If 
they are not, are ~“ themselves hydrolysed by the same enzyme or enzyme 
systems? 

To these questions one cannot obtain unequivocal answers from histo- 
chemical preparations but a consideration of the distribution of the phos- 
phatase reaction in various organs provides some evidence. . 

In no organ examined is the histochemical picture obtained with the 
oestrogen phosphates identical with that of the non-specific phosphatases using 
glycerophosphate as a substrate. The closest similarity is obtained with the 
liver, but even in this organ the reaction given by the nuclei of the cells in 
Glisson’s capsule with the oestrogen phosphates was not found as strongly, 
and in some cases not at all, when glycerophosphate was the substrate. In 
adrenal cortex, heart muscle and brain, distinct and obvious differences were 
found with the two types of substrate. In the jejunum, however, interesting 
differences occurred, not only between the oestrogen phosphates and the 
glycerophosphate preparations but between the phosphates of the oestrogenic 
substances themselves. While the hexoestrol and stilboestrol phosphates gave 
a positive reaction in the brush borders like that of the glycerophosphate, the 
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oestrone phosphate gave no reaction there at all. Another point of difference 
was that while with the last substrate (oestrone phosphate) a positive reaction 
was given by the Golgi apparatus, a result also given by glycerophosphate, 
the other two oestrogen phosphates produced negative Golgi areas. A different 
result was given by the uterus in which the reaction with oestrone phosphate 
and glycerophosphate was the same but differed from that of the other 
oestrogen phosphates. In the testis, hqwever, all the oestrogen phosphates 
gave a similar reaction which was different from the glycerophosphate reaction. 
In the kidney again the oestrogens all reacted differently from the glycero- 
phosphate and showed differences in cytological distribution or intensity 
among themselves. 

From all these comparisons there emerges the probability that the oestrogen 
phosphates are dephosphorylated by enzymes which are different from the 
non-specific phosphatase(s) and that oestrone phosphate is hydrolysed by an 
enzyme which is different from that which hydrolyses hexoestrol phosphate 
and stilboestrol phosphate. This is not to say that these oestrogenic esters are 
never dephosphorylated by the non-specific phosphatases. The results with 
hexoestrol and stilboestrol in the jejunum where the brush border has an 
extremely intense non-specific dephosphorylating activity suggests that hydro- 
lysing of the phosphates of these two substances may be taking place there 
non-specifically. An area such as that of the Golgi apparatus being a much 
weaker centre of non-specific dephosphorylation would be unable to hydrolyse 
the oestrogen phosphates. On the other hand, the Golgi region in the jejunum 
does seem to be able to split oestrone phosphate, and it seems that this may 
in fact be due to the presence there of a specific enzyme. 

When one studies the cytochemistry of the dephosphorylation of the 
oestrogen phosphates, the extent of the reaction in the nuclei (including 
sperm heads) and particularly the nucleoli is most striking. With a few 
exceptions there is only a slight reaction by the ground substance of the 
cytoplasm or its particulate constituents. 

It is almost impossible to assess the physiological significance of these 
results, mainly because there seems little evidence that the phosphorylation 
and dephosphorylation of oestrogens forms part of the normal metabolism of 
oestrogenic substances in the body. The possibility exists, however, that 
a process of transphosphorylation involving the acceptance of phosphate by 
an oestrogen and its subsequent removal may be associated with the release 
of energy for the passage of the oestrogen through a membrane such as that 
of the nucleus. The ability of nuclei in many organs and tissues in the body 
and particularly the heads of sperms to dephosphorylate oestrogen phosphates 
is of interest and so is the fact that many of the cells of the brain have a similar 
hydrolytic activity. If the passage of oestrogens through membranes is 


dependent upon the phosphorylating/dephosphorylating cycle it may be 
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significant that the walls of the sinusoids in the adrenal cortex and pituitary 
readily dephosphorylate glycerophosphate but act not at all or only slightly 
on oestrogen phosphates. Can this be interpreted as indicating that circulating 
oestrogens pass through to adrenal cortex and anterior pituitary cells only 
with difficulty ? 

SUMMARY 

1. Many tissues of the rat dephosphorylate oestrogen phosphates. This 
ability appears to be due mostly to an enzyme or enzymes separate from the 
non-specific phosphatases. Oestrone phosphate in some organs is dephos- 
phorylated in different regions in the cell from those in which hexoestrol and 
stilboestrol phosphates are hydrolysed. 

2. In most organs this dephosphorylating activity is concentrated mainly 
in the nucleus and particularly in the nucleoli, although the nuclear membrane 
also appears active. In the jejunum, the Golgi region of the epithelial cells 
of the villi actively dephosphorylates oestrone phosphate but not hexoestrol 
or stilboestrol phosphates. A number of cells in the brain also hydrolyse 
oestrogen phosphate. 

3. It is possible that these enzymes may be associated with the ability of 
oestrogen phosphates to penetrate membranes and may indicate that the 
processes of phosphorylation and dephosphorylation play a part in the meta- 
bolism of oestrogens in the body. 
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EXPLANATION OF PLATES 


PiaTE 1 


Fig. 1. Jejunum. Substrate: glycerophosphate. Positive reaction in brush borders (B), Golgi 
apparatus (G) and between cells. Nuclei faintly positive or negative. x 120. 

Fig. 2. Jejunwm. Substrate: oestrone phosphate. Brush borders negative. Golgi apparatus ((@) 
and nuclei of epithelial cells (N’) and regions between cells positive. All other nuclei intensely 
positive. x 120. 

Fig. 3. Jejunum. Substrate: hexoestrol phosphate. Brush borders and nuclei of epithelial cells 
and regions between cells positive. Golgi apparatus negative. All other nuclei positive. 
x 120, 

Fig. 4, Jejunum. Substrate: stilboestrol phosphate. Similar to reaction with hexoestrol phosphate 
but less reaction in cytoplasm of cells. x 120. 

Fig. 5. Kidney. Substrate: glycerophosphate. Intense reaction by brush borders (B) of cells of 
proximal convoluted tubules. Slight reaction in nuclei and in basement membranes of 
tubules. x 120, 

Fig. 6. Kidney. Substrate: oestrone phosphate. Brush borders negative. All nuclei and base- 
ment membranes strongly positive. x 120. 

_ Fig. 7. Kidney. Substrate: hexoestrol phosphate. Brush border reaction slight. Moderate 

nuclear reaction. Slight diffuse cytoplasmic reaction similar to fig. 6. 120. 
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Fig. 8. Kidney. Substrate: stilboestrol phosphate. Only faint brush border reaction. All nuclei 
strongly positive. Reaction appears to be mainly in nuclear membrane, x 120. 

Fig. 9. Adrenal cortex. Substrate: glycerophosphate. All sinusoids strongly positive. Nuclei of 
cortical cells (particularly nucleoli) positive. x 120. 

Fig. 10. Adrenal cortex. Substrate: oestrone phosphate. Slight reaction by sinusoids. All nuclei 
strongly positive. x 120. 

Fig. 11. Adrenal cortex. Substrate: hexoestrol phosphate. Most nuclei strongly positive. In 
some nuclei only nucleoli gave positive reaction. x 120. 

Fig. 12. Adrenal cortez. Substrate: stilboestrol phosphate. All nuclei positive. Reaction appears 
chiefly in nuclear membrane. x 120. 


Prats 2 


Fig. 13. Testis. Substrate: glycerophosphate. Small blood vessels and basement membranes of 
seminiferous tubules strongly positive. Reaction also by nuclei of some spermatogonia. 
x 120. 

Fig. 14. Testis. Substrate: oestrone phosphate. Basement membrane moderately positive. 
Spermatogonia and some spermatocytes strongly positive nuclei. Some sperm heads positive. 
x 120. 

Fig. 15. Testis. Substrate: hexoestrol phosphate. Similar to oestrone phosphate. Some Leydig 
cells with positive nuclei can also be seen. Some positive sperm heads, x 120. 

Fig. 16. Testis. Substrate: stilboestrol phosphate. Basement membrane almost negative. 
Spermatogonia and some spermatocytes positive. x 120. 

Fig. 17. Heart muscle. Substrate: glycerophosphate. Positive capillaries (C) and intercalated 
disks (J). Fibres almost negative. A few connective tissue nuclei slightly positive. x 120. 

Fig. 18. Heart muscle. Substrate: oestrone phosphate. All nuclei positive. Intercalated disks (/) 
moderately positive, capillaries negative. x 120. 

Fig. 19. Heart muscle. Substrate: hexoestrol phosphate. Negative intercalated disks, negative 
capillaries and positive nuclei. x 120. 

Fig. 20. Heart muscle. Substrate: stilboestrol phosphate. Negative intercalated disks, negative 
capillaries, positive nuclei and moderately positive fibres. x 120. | 

Fig. 21. Cerebellum. Substrate: glycerophosphate. Strongly positive capillaries. Faintly positive 
nuclei. x 120, 

Fig. 22. Cerebellum. Substrate: oestrone phosphate. Some capillaries positive. Purkinje cell 
nuclei positive. Slight reaction by granular layer nuclei. x 120. 

Fig. 23. Cerebellum, Substrate: hexoestrol phosphate. Purkinje cell nuclei and nucleoli positive. 
Most capillaries negative. x 120. 

Fig. 24. Cerebellum. Substrate: stilboestrol phosphate. Purkinje cell nuclei positive. Capillaries 
negative. Slight reaction by other tissues. x 120. 

Fig. 25. Cerebral cortex. Substrate: glycerophosphate. Capillaries positive; all else negative. 
x 120. 

Fig. 26. Cerebral cortex. Substrate: oestrone phosphate. Strongly positive nvelel, segative 
capillaries. Some cell processes moderately positive. x 120. 

Fig. 27. Deep layers of cerebral cortex. Substrate: hexoestrol phosphate. Strongly positive nuclei. 
x 120. 


Fig. 28. Deep layers of cerebral cortex. Substrate: stilboestrol phosphate. Strongly positive 
nuclei. x 120, 
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A DIFFERENTIATION BETWEEN RED AND WHITE MUSCLE 
IN THE CAT BASED ON RESPONSES TO NEUROMUSCULAR 
BLOCKING AGENTS 


By P. A. JEWELL ann ELEANOR J. ZAIMIS 


ERRATA 
Journal of Physiology, 123, no. 3 
Denton, E. J. and Prrenne, M. H. ‘The absolute sensitivity and 
functional stability of the human eye’, p. 440, Summary, § 3 
for ‘0-85 x 10-7 cd/m?’ read ‘0-85 x 10-* cd/m?’. 


Journal of Physiology, 124, no. 1 


Hoop, J. D. and Praurz, C. R. ‘Observations upon the effects of 
repeated stimulation upon rotational and caloric nystagmus’, 
p. 131, Apparatus and Experimental Procedure, line 7 


for ‘raised some 30° above the horizontal’ 
read ‘lowered some 30° below the horizontal’ 


muscle, comparing it with the better known responses of the white tibialis. 


A preliminary account of this work has already appeared (Jewell & Zaimis, 
1953). 3 


METHODS 

Cats were anaesthetized with chloralose (0-08 g/kg), injected into the subcutaneous vein of the 

fore-limb or the internal saphenous vein, and a hind-limb was set up on a Brown-Schuster myo- 

graph stand. Shielded silver electrodes were placed on the sciatic nerve and the nerve was ligated 
PH. OXXIV. 27 
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A DIFFERENTIATION BETWEEN RED AND WHITE MUSCLE 
IN THE CAT BASED ON RESPONSES TO NEUROMUSCULAR 
BLOCKING AGENTS 


By P. A. JEWELL anp ELEANOR J. ZAIMIS 


From the Department of Physiology, Royal Veterinary College, University of 
London, and the Department of Pharmacology, School of Pharmacy, 
University of London 

(Received 17 July 1953) _ 


In the cat, the soleus muscle is a red muscle and this redness is associated 
with slow contraction and easy fusion of tetanic responses. Tibialis anterior, 
on the other hand, is a muscle in which white fibres predominate, and this 
whiteness is associated with rapid contraction and fusion only at high 
frequencies of stimulation. These two muscles differ in their sensitivity to 
neuromuscular blocking substances. Whereas tibialis is very sensitive to 
decamethonium, soleus is particularly resistant, and whilst both muscles are 
sensitive to tubocurarine, soleus is the more sensitive of the two (Paton & 
Zaimis, 1951). It is generally accepted that the block produced by tubo- 
curarine in both muscles is due to competition with acetylcholine. On the 
other hand decamethonium blocks tibialis by long-lasting depolarization of 
the motor end-plates and it had been assumed that soleus is blocked in a 
similar way. 

A recent analysis (Zaimis, 1953) in the dog, monkey and rabbit has revealed 
that in these species decamethonium acts on both tibialis and soleus in a dual 
manner; initially it behaves as a depolarizing substance but, during its action, 
develops a curare-like effect and acts as a competitive antagonist to acetyl- 
choline. Moreover, where this dual mode of action is observed, the muscles 
are found to be relatively insensitive to decamethonium. Soleus in the cat is 
a muscle which shows just such an insensitivity and it was decided to analyse 
more fully the neuromuscular block produced by decamethonium on this red 
muscle, comparing it with the better known responses of the white tibialis. 
A preliminary account of this work has already appeared (J ewell & Zaimis, 
1953). 

METHODS 


Cats were anaesthetized with chloralose (0-08 g/kg), injected into the subcutaneous vein of the 

fore-limb or the internal saphenous vein, and a hind-limb was set up on a Brown-Schuster myo- 

graph stand. Shielded silver electrodes were placed on the sciatic nerve and the nerve was ligated 
PH. OXXIV. 27 
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central to the electrodes. Twitches and tetani of the tibialis and soleus muscles were excited by 
equare wave pulses of 0-2 msec duration and twice the strength required to evoke a maximal 
twitch. The muscles were attached to flat steel springs and their contractions recorded on a 
smoked drum. For experiments on the denervated muscle, the sciatic nerve on one side was 
divided high in the thigh under Nembutal (sodium pentobarbitone) anaesthesia. Degeneration 
was allowed to proceed for from 12 to 26 days. Direct stimuli, of maximal strength and 0-5 msec 
duration, were applied between the tendon of the muscle and the drill in the femur. Electrical 
contact with the tendon was made through silver wire attached to a saline soaked pad of cotton 
wool. In order to ensure that the current supplied for direct stimulation was not short-circuited 
through the other tissues, the muscles were insulated by enclosing their bellies in a rubber 
finger-stall smeared with liquid paraffin. 
Solutions of drugs were made in 0-9 % saline and injected into the jugular vein. 


RESULTS 
The mode of action of decamethonium on soleus 
To block neuromuscular transmission in soleus, doses of decamethonium of 
two or three times the strength required to block tibialis are necessary. The 
dose which produces a 95-100 °% block in the tibialis muscle is about 30 yg/kg. 
A similar block of the soleus muscle is induced by an intravenous dose of about 
70 g/kg. An analysis of the block produced in soleus by decamethonium 
shows that not only is a greater quantity of the substance necessary but that 
its mode of action is different from that on tibialis. There are three main 


features of the block in soleus in which this difference is revealed: (i) A tetanus — 


produced during the block is not well sustained and antagonizes the block. 
Figs. 1 and 4 illustrate this point. In Fig. 1 a dose of 0-15 mg of deca- 
methonium can be seen to produce a 45°, block of soleus and a 75% block of 
tibialis. In soleus the tetanus fails to maintain its initial tension and is 
followed by a temporary recovery of the twitch; whilst in tibialis, although the 
tetanus is of small maximal tension it is well sustained and does not antagonize 
the block. (ii) The block is strongly antagonized by neostigmine which has little 
effect upon the course of the decamethonium block in tibialis. The first part 
of Fig. 2 illustrates this difference. (iii) The block is deepened by tubocurarine 
which appears to summate with decamethonium in its action: in contrast the 
block of tibialis is effectively antagonized by tubocurarine (Fig. 3). This effect 
of tubocurarine on the two muscles is independent of the degree to which they 
_are blocked by decamethonium. 

These results might suggest that the block in tibialis is due to depolariza- 
tion, and that the block in soleus is the result solely of a curare-like action. 
A closer analysis shows, however, that the block in soleus has two components, 
one due to depolarization and the other to a curare-like effect (competitive 
antagonism). In any single experiment the first few doses of decamethonium 
produce a paralysis of soleus which is preceded by potentiation of the maximal 
twitch (Figs. 4 and 5), a feature peculiar to a substance capable of depolarizing 
the motor end-plates. The initial effect of decamethonium is, then, a depolariza- 


tion 
4 de 
way 
peri 
te 
Fig. 
bet 
blox 
the 
is 
blo 


_ MUSCLE DIFFERENCES TO BLOCKING AGENTS 419 
tion which is manifest before its curare-like action becomes established. Fig. 5 
demonstrates this transition from depolarization to competition in another 
way. In this experiment several tetani were produced during the effective 


period of a dose of decamethonium on soleus. It is apparent that the first 
tetanus is better sustained than the two subsequent ones. Since a tetanus is 


Pibvalis 


Soleus 


C.10, Tet. 
0-15 mg 
Fig. 1. Tetanus at the height of a decamethonium block. Cat, 2-0 kg; indirect stimulation. 
Tetanic stimulus 50/sec applied for 12 sec. In this, and the following figures, the tracings are — 
simultaneous recordings of maximal twitches from the tibialis and soleus muscles in response 
to direct or indirect stimulation delivered once every 10 sec, and recorded with flat-spring 
myographs. The tracings have been aligned vertically. 
better sustained during a depolarization block than during a competitive 
block the behaviour of the tetani reflects the change in the mode of action of 
the drug. The last tetanus, produced when the muscle has nearly recovered, 
is again well sustained. | 
The dual mode of action of decamethonium, besides being evident in the 


blocking process, gives rise to other phenomena. Thus when several doses of 
27-2 
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decamethonium are given in succession the sensitivity of soleus to this drug 
decreases rapidly (Fig. 4). This contrasts with the increased sensitivity of the 
muscle to repeated doses of a substance producing a neuromuscular block 
solely by competition or solely by depolarization. Moreover, the phenomenon 
may be mimicked in tibialis by injecting tubocurarine between doses of 
decamethonium. It suggests that in soleus decamethonium persists at the 
end-plate and antagonizes subsequent injections by its curare-like effect. 


i 


Cc. ib Neostigmine, C.10, Neostigmine, 
O3mg 0425mg 0125 mg 


Fig. 2. The effect of necetiguine during s decamethentum block. Cat, 4-5 kg; indirect stimulation. 
The responses to two different doses of decamethonium (0-3 and 0-2 mg), injected intra- 
venously, are shown. 


_ Experiments on the denervated muscle substantiate these inferences. If 
decamethonium is injected into a cat in which the sciatic nerve of one side has 
been sectioned at least a fortnight before the experiment, the denervated 
muscle will respond to the first injected dose with a contracture, the typical 
response to a depolarizing substance (Fig. 6). The second dose, however, 
produces only a very small contracture, whilst subsequent doses produce none 
at all. As before, the phenomenon can be mimicked by injecting tubocurarine 
between doses of a depolarizing substance. 

It seemed desirable to test the effect of another substance to which soleus 
exhibits less sensitivity than tibialis. Succinylcholine was chosen for this 
purpose since it possesses this differential activity (Somers, 1953), and has 
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been classified with decamethonium in its mode of action (Bovet, Bovet-Nitti, 
Guarino, Longo & Fusco, 1951). Successive doses of succinylcholine (110 pg/kg), 
large enough to affect soleus were given and a similar analysis to that used 
with decamethonium was made. Succinylcholine, like decamethonium, was 


| m 


Fig. 3. The effect of tubocurarine on a decamethonium block. Cat, 4-5 kg; indirect stimulation. 
Decamethonium, 0-3 mg followed by tubocurarine 0-5 mg, injected intravenously. 


found to possess a dual mode of action on soleus, with the difference that the 
balance between its depolarizing and competitive propensities appeared 
weighted in favour of the former, whereas with decamethonium it is the 
competitive tendency which appears dominant. 


The presence of red fibres in tubvalis 
It may be noticed in the experiment shown in Fig. 2 that neostigmine 
produces a slight antagonism of the decamethonium block of tibialis. It is 
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known that tibialis contains a small admixture of red fibres (Gordon & 
Phillips, 1949), and since these fibres are relatively insensitive to deca- 
methonium they are presumably responsible for the surviving twitch when the 
muscle is 95% blocked. If this is so, it is not unexpected to find that they 
behave like the red fibres of soleus and exhibit an antagonism when neo- 
stigmine is injected, That these fibres are responsible for the neostigmine 


Soleus 


10, O15 mg 


SC. 10, 015mg 


C. 10, 015 mg 
Fig. 4. The effect of three successive doses of 0-15 mg decamethonium on the soleus muscle. 
Cat, 2-0 kg; indirect stimulation. The three tracings, starting with the upper one, are a con- 
tinuous record of the twitches of soleus. A tetanus was produced during each block. 


antagonism is substantiated by the second part of the figure. Here a smaller 
dose of decamethonium was given leaving a proportion of white fibres still 
contracting. Under these circumstances a similar dose of neostigmine pro- 
duced a deepening of the block. 

Similarly, the presence of red fibres is presumably responsible for the short 
lasting deepening of the block which precedes the tubocurarine antagonism 
of decamethonium on tibialis (Fig. 3). 
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The phenomenon of tachyphylaxis 
The rapidly decreasing sensitivity of soleus to repeated doses of deca- 
methonium (Fig. 4) is an example of tachyphylaxis, which may be accounted 
for by the dual mode of action of decamethonium on this muscle; it has been 
shown that wherever a neuromuscular blocking substance exhibits a dual 
mode of action tachyphylaxis can be observed (Zaimis, 1953). 


C. 10, 01 mg 


Fig. 5. Four tetani produced during the course of a decamethonium block of the soleus 
muscle. Cat, 2-5 kg; indirect stimulation. 
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Fig. 6. The effect of repeated doses of decamethonium on denervated (26 days) muscles. 
Cat, 3-0 kg; direct stimulation. 20 ug doses, intravenously. 


It was expected therefore that the tibialis muscle would not show tachy- 
phylaxis to successive doses of decamethonium. No such simple result 
emerged, however, and the effects obtained were found to depend on the dose 
used. When small doses of decamethonium (producing less than complete 
_ block) are given, the muscle shows increased sensitivity to the second dose 
and usually to the third; subsequent doses, however, have a progressively 
smaller effect (Fig. 7). When, on the other hand, the initial dose of deca- 
methonium is so large as to produce a prolonged and complete block of tibialis, 
a progressive diminution in the response may begin with the second dose. This 
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has been found to be so even if the time interval between doses is lengthened 
to 75 min (Fig. 7). In Fig. 7, the depth and duration of block have been com- 
bined to give a more adequate single measurement of the block produced, but 
these factors may be to some extent independent. The first manifestation of 
a reduced sensitivity of tibialis to repeated doses of decamethonium is a 
shortening of the duration of the block, the degree of depression being the 


Tibialis: succinylcholine, 


— 200 + 
— 180 
— 160 + 
—140 + 
— 80+ Tibialis: decamethonium, 
60 g/kg doses 
-20- 
0 20 40 60 80 100120140 160 180 200 220 240 
Min 


Fig. 7. Changes in the depth of block produced by repeated intravenous injections of succiny]- 
choline and decamethonium given at regular time intervals. Tibialis 7—\V succinylcholine 
40 pg/kg every 20 min; tibialis J—[) decamethonium 30 ug/kg every 33 min; tibialis A—A 
decamethonium 60 yg/kg every 75 min. Ordinates: area of the depression caused in the 
tracings during neuromuscular block (planimeter measurements). The measurements are 
expressed as a percentage of the block produced by the first dose of each series. Abscissae: 
time after injection of the first dose in min. 


same. With later doses both the degree of depression and the duration of the 
block are reduced. Despite the superficial similarity of this phenomenon to 
the tachyphylaxis seen in soleus, no evidence could be obtained which would 
suggest that the mode of action of decamethonium on tibialis had changed 
during an experiment, and the interruption of neuromuscular transmission 
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produced by the later doses of decamethonium always retained the charac- 
teristics of a depolarization block. 

In order to throw further light on these observations a number of additional 
experiments were performed. First an investigation was made of the action 
on tibialis of successive doses of succinylcholine. It was found that the 
characteristics of a depolarization block were retained throughout all the 
experiments but that the sensitivity of the muscle did not decrease (Fig. 7). 
Succinylcholine differs from decamethonium in that its action is of short 
duration owing to its rapid hydrolysis. 

Further experiments were performed on the chronically denervated tibialis. 
With the first dose, decamethonium produces a typical contracture (Fig. 6). 
The muscle develops a sustained and prolonged increase in tension during 
which the maximal twitch evoked by direct stimulation is partly or completely 
obliterated. This is the normal response of a denervated mammalian muscle 
to a depolarizing substance. The administration of subsequent doses, however, 
produces an unexpected effect. As doses are repeated, an increasing depression 
of the directly stimulated twitch is obtained this time unaccompanied by any 
persisting increase in tension of the muscle. This depression is prevented and 
antagonized by tubocurarine. It is paradoxical that the depolarization of the 
muscle membrane to which the depression is presumably due is no longer 
accompanied by any sustained contracture. 

These results give a hint that besides the dual mode of action exhibited by 
decamethonium on soleus, there may be further complications in the actions 
of a depolarizing substance which involve effects outside those normally 
ascribed to depolarization of the end-plate or curare-like effects. 


DISCUSSION 


In the cat, as far as the muscles of the hind-limbs are concerned, the red 
muscles (exemplified by soleus) are slow and the white muscles (exemplified by 
tibialis) are fast-contracting. In the present paper evidence has been adduced 
to show that a further difference between the two types of muscle may be 
demonstrated by pharmacological means. In tibialis decamethonium acts as 
a depolarizing substance while in soleus it exhibits a dual mode of action. In 
the latter muscle the substance starts its action by depolarizing the motor 
end-plates, but during the blocking process the action changes into that of 
a substance competing with acetylcholine. 

These results demonstrate that a single substance may produce different 
types of neuromuscular block in the various skeletal muscles of an individual 
animal. “It follows that differences must exist between the neuromuscular 
- junctions of such muscles, but where, in particular, these differences reside 
remains a matter of speculation. No histological differences are known to 
exist between the structure of the end-plate regions of the two types of muscle 
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fibre, nor have any differences been shown between the nerves which supply 
them. 

It has been shown that whenever the mode of action of decamethonium is 
dual, the sensitivity of the muscle to the drug is low and decreases rapidly 
when repeated doses are given. This may be accounted for within the present 
picture of the mode of action of decamethonium since depolarization and 
competition with acetylcholine are antagonistic. Difficulty arises, however, 
when an attempt is made to explain the appearance of decreasing sensitivity 
in tibialis, since no competitive element has been detected in the mode of 
action of decamethonium on this muscle. An understanding of the changes 
occurring in the muscle fibre during and after a spreading depolarization would 
appear to be vital to an interpretation of the effects of decamethonium. After 
a dose of decamethonium the muscle twitch returns to its previous height, 
demonstrating that the excitability of the motor end-plate to acetylcholine 
has returned. But, as Burns & Paton (1951) have shown, the return of 
excitability at the end-plate regions does not necessarily run parallel with the 
return of excitability of the adjacent membrane, the latter lagging behind the 
former. The degree of block produced by decamethonium is a result of both 
depolarization of the motor-end plate and of the spread of inexcitability in 
the surrounding membrane. There would be, then, a possible explanation of 
the phenomenon of decreasing sensitivity; the magnitude of response of a 
further injection of decamethonium is less because the drug finds a normal 
end-plate but adjacent regions of reduced excitability. Alternatively the 
possibility of some direct action of decamethonium on the muscle fibre cannot 
be ignored. 

The suggestion that decamethonium has a direct effect on the muscle fibre 
elsewhere than at the end-plate is prompted by the results obtained from the 
denervated tibialis muscle. When successive doses of the drug are injected 
each dose is found to produce a greater depression of the directly excited 
twitch than the previous one, a result which suggests that the depolarizing 
effect on the membrane becomes progressively increased. The fact that this 
depressant effect of decamethonium is readily antagonized by tubocurarine, 
establishes it as a membrane phenomenon. In spite of this the sustained 
contraction of the muscle, which is the usual response of a denervated mam- 
malian muscle to depolarization and which is seen with the first dose of 
decamethonium, does not appear in response to the later doses. A direct 
action of decamethonium on the muscle fibre itself has already been noticed 
by other workers. Jarcho, Berman, Eyzaguirre & Lilienthal (1951) suggested 
such an action on the denervated muscles of the rat, and Jenden, Kamijo & 
Taylor (1951) found a direct effect on the isolated lumbrical muscle of the 
rabbit. This direct effect, however, does not appear to be a characteristic only 
of decamethonium, but of any substance producing a long lasting depolariza- 
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tion. This is borne out by the experiments of Ginzel, Klupp & Werner (1951) 
which show that other depolarizing substances may similarly affect normally 
innervated muscle. 

From the work done on various muscles of different species, and with several 
neuromuscular blocking substances, it emerges that the interpretation of 
results obtained with a substance acting by competition is relatively straight- 
forward; skeletal muscles appear to respond to such substances in a uniform 
way. But the utilization of a depolarizing substance, or of a substance having 
a depolarizing element, needs to be undertaken with greater caution; first, 
because the response of skeletal muscles to such neuromuscular blocking 
agents is not uniform, and secondly, because in many instances once a dose 
of such a substance has been given it may profoundly modify the effect of 
subsequent doses. 


SUMMARY 

1. In the cat, decamethonium interrupts neuromuscular transmission in 
soleus, a red muscle, by a dual mode of action during which a depolarizing 
phase is followed by a competitive one. These mutually antagonistic effects 
result in a rapidly decreasing sensitivity of soleus to repeated doses of 
decamethonium. 

2. The block produced by decamethoniume in tibialis, a white muscle, 
exhibits the characteristics of depolarization alone, irrespective of the number 
of doses given or their magnitude. 

3. Normal tibialis exhibits a slowly decreasing sensitivity to repeated doses 
of decamethonium. 

4. Denervated tibialis responds with a typical contracture to a first dose 
of decamethonium. Subsequent doses produce an increasing depression of the 
directly excited twitch, unaccompanied by a sustained contraction of the 
muscle, 

5. The possibility that decamethonium has a direct action on the muscle 
fibre is discussed. _ 

We are indebted to Prof. E. W. Walls for helpful discussion on the structure of red and white 
muscle fibres. Our thanks are due to Miss Barbara Usher, Mr E. Ferris and Mr D. Lewin for their 


technical help. One of us (E.J.Z.) wishes to express her thanks to the Medical Research Council 
for a grant for technical assistance. 
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CHANGES AT THE NEUROMUSCULAR JUNCTION OF RED 
AND WHITE MUSCLE FIBRES IN THE CAT INDUCED BY 
DISUSE ATROPHY AND BY HYPERTROPHY 


By P. A. JEWELL anp ELEANOR J. ZAIMIS 


From the Department of Physiology, Royal Veterinary College, University of 
‘London, and the Department of Pharmacology, School of Pharmacy, 
University of London 
(Received 17 July 1953) 


In the preceding paper (Jewell & Zaimis, 1954) it was demonstrated that red 
and white muscle in the cat show sharp contrasts in their response to neuro- 
muscular blocking agents. In particular, a single substance, decamethonium, 
blocks transmission in tibialis by producing a persistent depolarization, but 
blocks soleus by a dual mode of action which has both depolarizing and com- 
petitive phases. An attempt has been made in the present investigation to 
elucidate some of the factors which contribute to this difference between the 
muscles. 

Red and white muscle subserve different functions in the limb and show 
corresponding divergences in their physiological properties. The ‘redness’ of 
a muscle, that is the myoglobin content, has been shown to be associated with 
the amount of exercise to which a muscle is subjected (McClintock, Hines & 
Jordan, 1939; Lawrie, 1953), and it seemed possible that by altering the state 
of activity of the muscles, changes might be brought about in the two types 
of fibres which would include alterations in response to neuromuscular blocking 
agents. 

One of the factors which maintains muscle in a normal functional state is 
the constraint and tension to which it is subjected by its attachments and by 
exercise (Young, 1946). Experiments have been performed in which this factor 
has been modified. If the tendon of insertion of a muscle is cut an atrophy of 
disuse sets in, which may be as profound as the atrophy initiated by denerva- 
tion (Ricker, 1901; Lipschiitz & Audova, 1921). Such disuse atrophy was 
effected on both soleus and tibialis. In addition, operations were undertaken 
in which the tendons of muscles synergistic with soleus, that is gastrocnemius 
and plantaris, were cut, thus giving soleus the work of these fast muscles to 
perform. In this way an hypertrophy of soleus was brought about. 
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A brief communication of these results has already appeared (Jewell & 
Zaimis, 1953). 


METHODS 


Twenty-seven animals were used in these experiments; twenty-two were adult cats of varying 
ages, and five were kittens which were between 14 and 20 weeks old at the time of operation. 
Operations were performed under Nembutal (sodium pentobarbitone) anaesthesia with full 
aseptic precautions. T'enotomy of the soleus muscle was effected through a vertical skin incision 
along the back of the leg. The tendon of insertion of soleus was cut, and the muscle separated 
from gastrocnemius and plantaris. A cone made of fine polythene sheet was slipped over the 
soleus muscle to prevent adhesions forming. Tenotomy of gastrocnemius and plantaris was per- 
formed in a similar way, the tendons being drawn up towards the popliteal region and sewn to the 
skin to prevent the formation of adhesions to soleus. Tenotomy of tibialis was performed 
through a skin incision on the anterior aspect of the ankle and the muscle was drawn out of the 
annular ligament. 

For the acute experiments the procedure adopted was identical to that described in the previous 
paper (Jewell & Zaimis, 1954). Both hind limbs were pinned, and set up on the Brown-Schuster 
myograph stand. From the operated limb the contractions of both soleus and tibialis were 
recorded and from the normal limb the contraction of either muscle depending which was needed 
as a control, Shielded silver electrodes were placed on the sciatic nerve of each side and the nerves 
stimulated from the same output channel of the stimulator. At the end of the experiment the 
muscles were dissected out and weighed. 
into the jugular vein. 


RESULTS 


When the three muscles of an animal had been set up for recording a few 
preliminary observations of their physiological characteristics were made. The 
time course of the twitch was recorded on a fast drum; the frequency of 
stimulation necessary to produce complete tetanic fusion was determined for 
each muscle, and the tetanus to twitch ratio measured. The preparation was 
found to remain in good condition for several hours allowing a number of 
doses of neuromuscular blocking substances to be given. In the following 
description the ‘°% block’ of a muscle refers to the reduction in twitch height 
which a drug brings about, measured at the greatest depth of block and taken 
as a percentage of the pre-injection twitch height. It is a rough measure which 
_ is useful for comparative purposes, but does not take account of the time course 
of paralysis. 
The atrophied soleus muscle 

Experiments have been performed on fifteen animals, three of them kittens, 
in which the soleus of one side had been allowed to atrophy for varying period 
from 6 to 36 days. The animals recovered quickly after the operations, and no 
difficulties in walking were observed. In one animal the weight of the 
atrophied muscle (6 days) was only 9% less than the normal control. In the 
other animals the atrophied muscle weighed between 17 and 55%, less, there 
being no direct correlation between loss of weight and period of atrophy. 

When set up on the myograph the atrophied muscles naturally proved 
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weaker than the normal ones, but the maximal twitch tension which they 
developed was well maintained throughout an experiment and indeed some- 
times improved during the course of the experiment. In the first few experi- 
ments springs appropriate to the strength of the atrophied muscles were not 
available and the recorded twitch height was small (see Fig. 3); later, weaker 


springs were used which gave a record more readily comparable with the 
normal muscle. 


Physiological characteristics 


The atrophied soleus muscle was found to retain the contraction charac- 
teristics of the normal soleus. The single twitch has a relatively long time- 
course, both in respect of contraction and of relaxation, although some of the 
atrophied muscles relaxed a little more quickly than the normal ones; tetanic 
fusion occurred at low frequencies of stimulation, usually between 9/sec and 
12/sec, and in only two was a higher frequency of stimulation necessary to 
produce fusion. One of these was a cat (36 days atrophy) in which the normal 
muscle showed tetanic fusion at 12/sec, whereas the atrophied muscle had not 
quite fused at 18/sec; in the other case (24 days atrophy) the frequencies 
required were 9/sec and 16/sec respectively. The atrophied muscles all main- 
tained a tetanus well, and showed a higher tetanus to twitch ratio than tibialis, 
though not exhibiting such extreme ratios as the normal soleus. 

Brown & Euler (1938) have shown that a difference between the normal 
tibialis and soleus muscles can be detected by observing the effects of tetanic 
stimulation interpolated in a series of single maximal twitches. The normal 
tibialis shows a marked post-tetanic potentiation of the single maximal twitch 
tension, irrespective of the duration of tetanus or frequency of stimulation, 
but the effects on the soleus are quite different and depend on the duration of 
the tetanus. When a tetanus of short duration (2-4 sec) was intercalated 
between single maximal twitches a depression of the tension of the first few 
succeeding twitches resulted. Tetani of long duration (20 sec), however, were 
followed by a potentiation of the succeeding twitches. 

In our experiments the muscles were subjected to tetani of varying duration 
(from 2 to 20 sec, at a frequency of 50/sec) interpolated in a sequence of single 
maximal twitches. The twitch tension of the normal soleus was depressed after 
brief tetani, but potentiated after tetani of longer duration, results which are 
in complete conformity with the findings of Brown & Euler.. However, in the 
atrophied soleus, the phenomenon of post-tetanic depression was not readily 
elicited. In only one experiment, after a brief tetanus, did such a depression 
appear. In all the other experiments either no change, or a slight potentiation, 
of twitch tension was seen to follow a tetanus to the atrophied muscle. 

These deviations of the atrophied soleus from the normal would appear to 
be slight compared with the differences between soleus and tibialis, and these 
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observations show that the atrophied soleus retains almost unaltered the 
distinguishing characteristics of slow muscle. 


Characteristics of a decamethonium block 


Sensitivity to decamethonium. In every animal the atrophied soleus was 
found to have developed an increased sensitivity to decamethonium, and 
sometimes proved more sensitive than tibialis. In one cat, for example, in 
response to 30ug/kg decamethonium, the tibialis was 85% blocked and the 


HH) Hl 


soleus 
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0-12 mg 
Fig. 1. Sensitivity to decamethonium. Cat, 3-8 kg. Atrophy of one soleus muscle for 11 days. 
At arrow 0-12 mg decamethonium injected intravenously. In this, and all the following 
figures, the tracings are of maximal twitches of normal and tenotomized muscles simul- 
taneously recorded in response to indirect stimulation delivered once every 10 sec, and 
recorded with flat-spring myographs. The tracings have been aligned vertically. 
atrophied soleus 78% blocked, whilst the normal soleus was unaffected. In 
another animal, following 40 g/kg decamethonium, tibialis was 84% blocked, 
the atrophied soleus was completely blocked, but the normal soleus was only 
16% blocked. Fig. 1 illustrates another example of the increased sensitivity 
of the atrophied muscle. 

Two other features of the block should be noted. First the atrophied muscle 
shows the usual potentiation of the twitch preceding the block, and secondly 
the block is slower in onset and of longer duration in the atrophied muscle 
than in either of the normal ones. This is seen in Fig. 1 and may be illustrated 
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from another experiment in which, after a dose of decamethonium of 30 ug/kg, 
full recovery of the twitch tension was complete for tibialis and the normal 
soleus in 15 min, but took twice as long for the atrophied muscle. This extended 
time-course may in part be accounted for by a diminished blood-flow through 
the atrophied muscle, but measurements of blood-flow have not been attempted 
in the present investigation. 


C. 10, 

0-1 mg 

_ Fig. 2. Tetanus during a decamethonium block. Cat, 4-5 kg. Atrophy of one soleus for 36 days. 
At arrow 0-1 mg decamethonium injected intravenously. A tetanus given 3-5 min after the 
injection is well sustained by the atrophied muscle but not by the normal muscle. 


Tetanus during a decamethonium block. When tetanic stimulation is applied 
to the nerve during a decamethonium block it is found that the atrophied 
soleus usually maintains the tetanus well. This is a characteristic not normally 
shown by soleus but it is usual for tibialis. Again a tetanus delivered to the 
atrophied soleus does not antagonize the decamethonium block, a feature 
which may be said to parallel tibialis and contrast with the normal soleus 
muscle. These phenomena are illustrated in Fig. 2. In this cat the soleus had 
been atrophied for 36 days. It will be seen that the atrophied muscle is much 
more sensitive to decamethonium than the normal one; further, a tetanus is 
well sustained by the atrophied muscle and no post-tetanic potentiation of the 
twitch occurs, whereas in the normal muscle the tetanus rapidly falls from its 
peak to a tension a little less than the twitch tension. The normal muscle shows 
only a slight post-tetanic antagonism of the block because of the small effect 
that this dose of decamethonium is having upon it. The effect on the atrophied 
soleus should, however, also be compared with Fig. 1 in the previous paper 
(Jewell & Zaimis, 1954) in which a tetanus is given during a 40% block of 
normal soleus, and in which the poorly sustained tetanus and post-tetanic 
potentiation are better seen. 
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Neostigmine during a decamethonium block. As has been shown, neostigmine 
is always a powerful antagonist of a decamethonium block in the soleus muscle, 
whilst it has little or no effect upon the course of the paralysis of tibialis. The 
atrophied soleus is found to imitate the latter muscle. This is illustrated in 
Fig. 3 which is taken from an experiment in which the soleus had been 
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C. 10, Neostigmine, 
60 pg 60pg 0-25 mg 
Fig. 3. The effect of neostigmine on a decamethonium block. Cat, 2:1 kg. Atrophy of one soleus 
for 14 days. Two doses of decamethonium 60g intravenously were required to produce 
block. At the third arrow 0-25 mg neostigmine intravenously. 


atrophied for 14 days. Two doses of decamethonium (60yug) in quick suc- 
cession were necessary to produce an effective block of tibialis and the atrophied 
soleus. A dose of 0-25 mg neostigmine, given when the block had reached its 
greatest depth on both muscles, had no effect on either of them. The normal 
soleus was not paralysed by this dose of decamethonium but a powerful 
potentiation of the twitch resulted from the injection of neostigmine. The 
atrophied soleus in this figure should be compared with the normal soleus in 
Fig. 2 of the previous paper (Jewell & Zaimis, 1954) in which 0-24 mg of 
neostigmine produced a marked antagonism of decamethonium in an 80% 
blocked muscle. 

Tubocurarine during a decamethonium block. Convincing evidence that 
decamethonium blocks normal soleus by competition is seen from the observa- 
tion that tubocurarine always deepens a decamethonium block, the two drugs 
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summating in their effect. In the atrophied muscle, on the other hand, not 
only does tubocurarine never deepen a decamethonium block but it may 
antagonize it. In Fig. 4 the twitches of a pair of soleus muscles are shown, one 
of which had been atrophied for 20 days. The injection of 0-2 mg of deca- 
methonium rapidly produced a partial paralysis of the normal muscle and 
began to reduce ‘the twitch of the atrophied one, which characteristically 
reacted more slowly. 0-5 mg of tubocurarine given 1 min after the deca- 
methonium reduced the surviving twitch of normal soleus still further. This 
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Fig. 4. The effect of tubocurarine on a decamethonium block. Cat, 1-45 kg. Atrophy of one soleus 
for 20 days. At the first arrow 0-2 mg decamethonium, and at the second and third arrows 
0-5 mg tubocurarine intravenously. A brief tetanus is given later during the record. 


did not occur in the atrophied soleus, but on the contrary, 2 min after the 
injection of tubocurarine it had recovered to the full twitch tension. Recovery 
from previous doses of decamethonium of only 70g had taken at least 20 min, 
so that it is clear that tubocurarine has antagonized decamethonium in the 
atrophied muscle. A further dose of 0-5 mg tubocurarine brought the block 
of the normal muscle to completion, but had an insignificant effect on the 
atrophied muscle. This drug antagonism seen in the atrophied soleus is less 
spectacular than the antagonism in tibialis, but the two responses are similar. 
Sensitivity to tubocurarine 

The relative insensitivity of the atrophied muscles to tubocurarine was a 
feature of all these experiments. The tibialis is usually less sensitive than the 
normal soleus but the atrophied soleus was found to be less sensitive than 
tibialis. About twice the dose of tubocurarine necessary to block a normal 
muscle was required to produce a comparable block of the atrophied muscle. 
In a typical example of a cat given 0-25 mg/kg tubocurarine the tibialis was 
66% blocked, the normal soleus 83% blocked, but the atrophied soleus only 
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18% blocked. This is illustrated in Fig. 5. In another animal, in which tibialis 
proved unusually sensitive to tubocurarine, two doses of 0-13 mg/kg given in 
quick succession, and before any other drugs had been administered, reduced 
the twitch of tibialis by 57° and of soleus by 44%, but the twitch of the 
atrophied soleus was reduced to the extent of only 17%. 
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Fig. 5. Sensitivity to tubocurarine. Cat, 2-0 kg. Atrophy of one soleus for 14 days. 
At arrow 0-5 mg tubocurarine injected intravenously. 


Apart from exhibiting this decreased sensitivity the behaviour of the 
atrophied muscle towards tubocurarine was similar to that of normal muscle. 
Neostigmine antagonized the tubocurarine block and, after a tetanus given 
during a partial block, the succeeding twitch tension was temporarily 
augmented. 

The hypertrophied soleus muscle 

The operation designed to cause hypertrophy of the soleus was performed 
on six animals including a kitten. The animals were allowed to survive for 
19, 22, 28, 38, 86, and 180 days respectively after the operation. In one of the 
cats (180 days hypertrophy), which was allowed to run free in the cat room, 
recovery of gait had proceeded so far that it was impossible to tell which leg 
had been operated upon. In the other animals, all of which, excepting the 
kitten, had been housed in individual cages, a weakness of the operated leg 
was apparent up to the time of acute experiment. In five of the animals the 
hypertrophied muscles weighed between 32 and 48% more than the normal 
controls. In the sixth cat, which for several reasons may be considered 
exceptional, the increase in weight of the muscle was only 8°,—this animal 
will be referred to separately. The tenotomized gastrocnemius and plantaris 
were examined at the acute experiment and were found to have atrophied 


> + 
‘= 
» 
j kg ¢ 
0-15 ¢ 
0-1 
3 
0-5mg 
4 


DISUSE ATROPHY OF RED AND WHITE MUSCLE 437 


and shortened considerably; in no case had they formed adhesions to the 
soleus. | 

Physiological characteristics. The hypertrophied muscle shows the physio- 
logical characteristics of red muscle to an exaggerated degree. The twitch is 
exceptionally slow and the fusion frequency tended to be lower than on the 
normal side. Thus in one cat the normal soleus gave tetanic fusion when 
stimulated at 12/sec, whilst the hypertrophied muscle fused at 9/sec; in 
another cat the rates were 9/sec and 7/sec, respectively, and in the kitten they 
were 7/sec and 6/sec. Tetanus to twitch ratio was higher for the hypertrophied 
muscle and it developed a greater maximal twitch tension than the normal one. — 
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Fig. 6, The action of decamethonium on the hypertrophied (19 days) soleus muscle. Cat, 2-0 kg. 
At arrow 70g decamethonium injected intravenously. A tetanus of 10 sec duration (drum 
running faster) is given during the partial block. A strong spring was used for the hyper- 
trophied musole. 
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Characteristics of a decamethonium block. In two cats no significant difference 
in the sensitivity of the two soleus muscles to decamethonium was observed, 
but in the other three the hypertrophied muscles proved to be the less sensitive. 
Thus in one cat (180-day hypertrophy) a first dose of decamethonium (50 yg/kg) 
produced a 50%, block of normal soleus and a 34% block of the hypertrophied 
soleus; in another animal (38 days hypertrophy) a dose of decamethonium 
which produced an incomplete block of the normal muscle left the hyper- 
trophied muscle unaffected. Fig. 6 shows tracings of a normal and a hyper- 
trophied (19 days) muscle. The greater resistance of the hypertrophied muscle 
to decamethonium is evident, it is blocked to a lesser degree and for a shorter 
period of time, and a tetanus given during the block is better sustained. Apart 
from these differences the characteristics of the decamethonium block were 
identical with those in the normal muscle. 

Tubocurarine paralysis. The responses of the hypertrophied muscle to this 
substance differed in no way from normal. 
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In general, so far as these experiments show, the effect of hypertrophy on 
the soleus muscle is to accentuate the physiological and pharmacological 
properties which characterize red muscle, and distinguish it from white 
muscle, 

Brief mention should now be made of the experiment which proved an 
exception. In this cat, 86-days had elapsed between operation and acute 
experiment, but the hypertrophied muscle weighed only 8% more than the 
normal one. When set up on the myograph the ‘hypertrophied’ muscle proved 
weaker than the normal one, developing a lower maximal twitch tension, and, 

whilst the contractions of the normal muscle fused at a tetanic stimulation of 
9/sec, the contractions of the hypertrophied muscle had not quite fused at this 
frequency. In addition, this muscle proved more sensitive to decamethonium 
than the normal one. Indeed, the muscle behaved as if it were atrophied 
rather than hypertrophied. The most likely explanation is that atrophic 
changes had in fact set in, the animal having led an inactive existence in its 
cage and having used the operated leg but little. 
The atrophied tibialis muscle 

The tibialis muscle was caused to atrophy in six animals, one of which was 
a kitten. The animals were allowed to survive for between 13 and 28 days after 
the operation. The atrophied muscles were found to weigh between 16 and 
18% less than their normal controls. 

Physiological characteristics. The atrophied tibialis was naturally weaker than 
the normal muscle, but was found to have retained the properties of fast 
muscle, Thus the frequency of stimulation necessary to produce tetanic fusion 
was high; a tetanus was well sustained; marked post-tetanic potentiation of 
the maximal twitch occurred, and the tetanus to twitch ratio was low, being 
about 3: 1. 

Characteristics of a decamethonium block. The two tibialis muscles which had 
been allowed to atrophy for the shorter periods (13 and 15 days) had become 
slightly less sensitive to decamethonium. However, the four muscles whose 
atrophy had occurred during longer periods (17, 26, 27 and 28 days) were all 
more sensitive to the drug than the normal controls. Apart from this increase 
in sensitivity the atrophied tibialis behaved in no way differently from the 
normal muscle. A decamethonium block is illustrated in the first part of Fig. 7. 
The first dose of 25yg/kg produced only a potentiation of the twitch of the 
normal muscle, but a potentiation followed by a slight depression in the 
atrophied muscle. A second dose of decamethonium brought the block of both 
muscles to completion, but the atrophied muscle recovered later than the 
normal one. The interaction of decamethonium and tubocurarine can be seen 


in the second part of the figure, Se 
both muscles. 
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Neostigmine (0-25 mg) injected during a decamethonium block may produce 
a slight deepening of the paralysis of the atrophied muscle. The effect is similar 
to that sometimes seen with the normal muscle. 
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Fig. 7. The atrophied tibialis muscle. Cat, 4-0 kg. Atrophy of one tibialis muscle for 26 days. 
Injection of decamethonium and tubocurarine intravenously. A weak spring was used for 
the atrophied muscle. 

Tubocurarine paralysis. The atrophied muscle is less sensitive to tubocurarine 
than the normal. A typical example may be taken from one animal in which 
a dose of 0-3 mg/kg produced an 88% block of the normal muscle, but only 
a 66 °% block of the atrophied one. Another example is given in Fig. 7 in which 
the second dose of tubocurarine markedly reduced the height of the twitch of 
the normal muscle but had hardly any effect on the atrophied muscle. 


DISCUSSION 
The outstanding feature of these experiments is the manner in which red 
muscle, when atrophied, comes to resemble white muscle in its response to 
decamethonium. The dual mode of action of decamethonium, which charac- 
terizes the response of normal soleus, is no longer seen, for the competitive 
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phase of its action has disappeared. As a result neuromuscular transmission 
in the atrophied soleus is apparently interrupted solely by a persistent 
depolarization of the fibre membranes. Furthermore, not only is the character 
of the response altered, but, in addition, the red fibres become much more 
sensitive to decamethonium and less sensitive to tubocurarine. 

However, effects of disuse are not confined to tlie red fibres, for atrophied 
white muscle shows similar, though smaller changes in sensitivity. These may 
be due to a lowering of the threshold of the fibre membrane to acetylcholine, 
an hypothesis which would also explain the qualitative change in the response 
of soleus, Where decamethonium mimics acetylcholine and acts by depolariza- 
tion alone, as in tibialis, such a lowering of the threshold would not be expected 
to produce any change in its mode of action; but, where it shows both 
depolarizing and competitive propensities, as in soleus, some qualitative 
change might be expected. A lowering of threshold to acetylcholine renders 
the manifestation of a competitive action more difficult, and as our experiments 
have shown, this quality fails to appear in the action of decamethonium on 
the atrophied soleus. The suggestion that such a change in sensitivity to 
acetylcholine occurs in tenotomized muscles would concur with the observa- 
tions of Solandt & Magladery (1942) on the rat. These authors showed that 
disuse atrophy, produced by upper motor neurone lesion, increased the 
sensitivity of the limb muscles to acetylcholine. 

Our results offer evidence that the changes in the atrophied muscle are in 
the muscle fibre membrane, since the time course of the twitch, and the 
development of tetanus, which are presumably properties of the contractile 
elements, appear to remain unaltered. The atrophied tibialis retains the con- 
traction characteristics of fast white muscle and the atrophied soleus those of 
slow red muscle. These findings are in accord with those of Eccles (1941) who 
showed that in disuse atrophy of the tibialis and soleus of the cat, produced 
by spinal cord section and dorsal-root ganglionectomy, the physiological 
characteristics of the twitch are unaltered. 

The changes in response to neuromuscular blocking agents which occur with 
disuse would appear, then, to be primarily referable to changes in the 
membrane, and the experiments reveal an interesting relationship between 
the two types of fibre. The fact that the red muscle when atrophied loses its 
dual mode of response to depolarizing agents and comes to resemble white 
muscle suggests that the white fibre membrane possesses the less differentiated 
structure. The red fibre reverts to this state with disuse. It would be interesting 
to know at what stage in development the properties of the fibres diverge, and 
whether the red fibres develop their more specialized membrane from a 
structure similar to that which persists in the white fibres. The kittens used in 


the present experiments were evidently too old to show any differences from 
the adult animals. | 
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It might have been expected that the hypertrophied soleus, when it took 
over the work of the two fast muscles, gastrocnemius and plantaris, would 
show changes by which it approached these muscles in its properties. With 
regard to the responses studied, however, the reverse proved to be the case, 
both with respect to pharmacological and physiological characteristics. This 
failure of the slow muscle to change its characteristics in response to functional 
demands artificially placed upon it is in contrast to the results reported by 
Bach (1948). This author cut the tendons of insertion of soleus and tibialis 
posterior in the rabbit, and sutured soleus to the site of insertion of tibialis. 
The transplanted soleus was claimed to acquire characteristics resembling 
those of the white tibialis, and its myoglobin content fell to a level comparable 
with the white muscle. These changes were supposed to be due to the imposed 
alteration in the function performed in the limb by the muscle. From our 
results it would appear much more likely that such changes as were observed 
were due to a disuse atrophy of the soleus. A particularly relevant observation 
amongst our experiments was that in which aberrant results were obtained in 
an animal with an ‘hypertrophied’ soleus. It seems that inactivity of the 
animal, or the avoidance of use of the operated limb, had led to changes which 
would usually be expected from disuse. It is evident that caution is needed 
in the interpretation of such experiments, and there is no justification for 
assuming, that, after an operation on a limb, an animal will automatically use 
its altered musculature efficiently whatever its environment. 

Finally, some reference should be made to the use of the terms ‘red’ and 
‘white’ muscle. The association of ‘redness’ with particular responses to 
neuromuscular blocking agents would appear to be applicable to muscles of 
altered activity, since such muscles do show changes in myoglobin content 
(McClintock e¢ al. 1939; Lawrie, 1950, 1953) which could be said to parallel 
their changes in sensitivity. Atrophied muscles show a fall in myoglobin 
content, and hypertrophied muscles an increase, which compare with their 
respective decrease and increase in resistance to decamethonium. It is not 
possible to say, however, whether this parallelism is more than merely 
fortuitous, both effects being independent results of disuse or hypertrophy. 
The distinction we have drawn between red and white muscle may not 
necessarily obtain over the whole of the body musculature, and it should be 
emphasized that ‘red fibre’ and ‘white fibre’ have been used simply as con- 
venient descriptive terms for the two types of fibre with which we have been 
dealing. Future work may show that the association of particular properties 
of the neuromuscular junction with a high myoglobin content of the muscle 
fibre prevails only under special circumstances of muscle function. 
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SUMMARY 


1. In cats the tibialis and soleus muscles have been tenotomized in order 
to cause a disuse atrophy, and muscles synergistic with soleus have been cut 
to cause soleus to hypertrophy. The responses of these muscles to neuro- 
muscular blocking agents have been examined. 

2. In contrast to its action on the normal soleus, decamethonium blocks the 
atrophied soleus by depolarization, the competitive phase of its action having 
disappeared. This change in mode of action is accompanied by a marked 
increase in the sensitivity of the atrophied muscle to the drug. The ene 
soleus thus comes to resemble normal tibialis in its responses. 

3. The hypertrophied soleus muscle shows no changes in its response but 
displays an accentuation of the characteristics of normal red muscle. 

4. The atrophied tibialis shows no change in response to decamethonium 
except for a small increase in sensitivity. The drug continues to effect a neuro- 
muscular block by depolarization. 

5. The possibility that the red muscle fibre possesses the more specialized 
membrane is discussed. 


Our thanks are due to Miss Barbara Usher, Mr E. Ferris and Mr D. Lewin for their technical 
assistance. One of us (E. J. Z.) wishes to express her thanks to the Medical Research Council for 
a grant for technical assistance. 


REFERENCES 
bee a (1948). Conversion of red muscle to white muscle. Proc, Soc. exp. Biol., N.Y., 67, 


Brown, G. L. & Evizr, U.S. von (1938). The after effects of a tetanus on mammalian muscle. 
J. Physiol. 98, 39-60. 


Evoigs, J. C. (1941). Disuse atrophy of skeletal muscle. Med. J. Aust. 28, 160-164. 

Juweit, P. A. & Zamas, E. J, (1953). Changes at the neuromuscular junction of red and white 
muscle fibres in the cat induced by disuse atrophy and hypertrophy. J. Physiol. 120, 48—49 P. 

Juwst1, P. A. & Zamas, E. J. (1954). A differentiation between red and white muscle in the cat 
based on the responses to neuromuscular blocking agents. J. Physiol. 124, 417-428. 

Lawaig, R. A. (1950). Some observations on factors affecting myoglobin concentration in muscle. 
J. agric. Sci. 40, 

Lond., 171, 1069-1070. 

Lresontirz, A. & Auvpova, A. (1921). The com tive atro of the skeletal muscle after outting 
the nerve and after cutting the tendon. T Physiol "gh, ¥00-20 

McCuinvrocks, J. T., Hnves, H. M. & Jonpan, D. P. (1939). Bifects of activity upon tissues of the 
rat. Proc. Soc. exp. Biol., N.Y., 42, 139-142. 


eet er Beitrage zur Lehre von der Atrophie und Hyperplasie. Virchows Arch. 165, 


PR 'Y, & Mactapzry, J. W. (1942). A compsrison of effects of upper and lower motor 
neurone lesions on skeletal muscle. J. Neurophysiol. 5, 373-380. 


Youne, J. Z. (1946). Effects of use and disuse on nerve and muscle. Lancet, 251, 109-113. 


; 
4 
: 
< 
: 


443 


J. Physiol. (1954) 124, 443-463 


FREE AMINO-ACIDS IN LIVER AND BLOOD AFTER PARTIAL 
HEPATECTOMY IN NORMAL AND ADRENALECTOMIZED RATS 


By V. FERRARI* anv R. D. HARKNESS 
From the Department of Physiology, University College, London 


(Received 13 August 1953) 


It is well known that, after removal of part of the liver of the rat, the remainder 
grows rapidly to reach the normal size in 2-3 weeks (Higgins & Anderson, 
1931), Though many aspects of this growth process have been investigated, 
little attention has been paid to changes in amino-acid metabolism. Since the 
liver plays a prominent part in the metabolism of these substances, one would 
expect that there might be changes in their concentration, both in the liver and 
in the blood, after partial hepatectomy, and that these changes might even be 
related causally to the subsequent regeneration. Christensen, Rothwell, Sears 
& Streicher (1948) have reported a considerable rise in the concentration of 
free amino-acids of rat liver cells 1-3 days after partial hepatectomy, though 
they found no significant change in the blood plasma; Des Marais & Dugal 
(1948), on the other hand, found a rise in free amino-acids of plasma in the first 
day after partial hepatectomy. Christensen e¢ al. (1948) give some data on 
glycine and glutamine, and the peptide glutathione, but this appears to be the 
only information available at present. Thus although there is some informa- 
tion about a change in total concentration of amino-acids in liver and blood, 
of the individual compounds little is known. The work described here was 
undertaken with the object of filling this gap. For this purpose the technique 
of filter-papér chromatography was chosen. It was felt that, in a preliminary 
investigation of this sort, the disadvantages of this method on the quantita- 
tive side were outweighed by its simplicity and wide application, and that it 
would be more useful to have information about a wide range of substances 
within fairly wide limits of accuracy, than more exact information about a few. 
This method has been used in conjunction with estimation of total free 
carboxyl-amino nitrogen} (Hamilton & Van Slyke, 1943) in liver and plasma. 
The investigation was confined to the first 24 hr after partial hepatectomy. 
* British Council Scholar. 
+ This term will be shortened to amino-nitrogen in the rest of this paper. 
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This is the period which precedes the commencement of cell division in the 
liver (Brues & Marble, 1937), and therefore the period of greatest interest as 
far as the factors which effect this are concerned. As there was evidence that 
adrenalectomy reduces the rate of regeneration of liver after partial hepatec- 
tomy (Berman, Sylvester, Hay & Selye, 1947), a parallel investigation on the 
effect of adrenalectomy on changes in free amino-acids in blood and liver was 
carried out. It was thought that it might be possible to correlate the effect of 
adrenalectomy on hepatic regeneration with a difference in the amino-acid 
picture, and that this difference might give some indication of the part played 
by changes in concentration of amino-acids in stimulating liver growth. 

It was found that partial hepatectomy caused a rise of total free amino- 
nitrogen in the liver; the amino-acids most affected were aspartic and glutamic 
acids, and lysine. An additional, unexpected finding, revealed by paper 
chromatography, was a striking rise in ethanolamine phosphoric ester in liver. 
In contrast to these findings in the liver it was found that partial hepatectomy 
produced practically no change in the total free amino-nitrogen of systemic 
blood or plasma, or in the pattern of individual amino-acids revealed by 
paper chromatography. The animals in which adrenalectomy was super- 
imposed on partial hepatectomy showed changes in amino-acids similar to 
those in the animals which underwent the operation of partial hepatectomy 
alone. A preliminary account of this work was given by Ferrari & Harkness 
(1951). 


METHODS 


The rate used were adult albinos of no strictly defined strain. The operation was performed under 


ether anaesthesia, the animals being partially hepatectomized or in addition adrenalectomized by 
the dorsal route. The method of partial hepatectomy was that of Higgins & Anderson (1931), in 
which the median and left lateral lobes of the liver are removed ; these amount to about two-thirds 
of the total weight of the liver. The animals were operated upon in batches, in general as many 
being partially hepatectomized as were also adrenalectomized or used as normal control animals. 
The operated animals were starved post-operatively until they were killed and compared with 
control animals starved for a similar length of time. All animals were given free access to water 
post-operatively, the adrenalectomized animals being given access also to 1% sodium chloride. 
The animals were kept in individual cages in a thermostatically controlled room at 26—27° C after 
operation, and for several days, usually a week, before. 

When the animals were due to be killed they were given pentobarbital, approximately 5 mg/100 g 
body weight in about } ml. of 0-9% NaCl, intraperitoneally. When they were anaesthetized, the 
abdomen was opened and, in some cases, a sample of blood taken from the abdominal aorta into 
a syringe containing a drop of heparin solution. Portions of the liver were then taken for analysis. 

In one group of rats 0-2 ml. samples of blood were taken serially without anaesthetic from the 
tail between the time of operation and death. 

The fresh weight of the whole liver at the time of operation was estimated from the weight of the 
lobes removed by multiplying by 1-53 (standard error of the mean +0-01), the mean ratio of the 
weight of the whole liver to the weight of the removed lobes in all unoperated animals. The initial 
weight of the liver of the starved animals was estimated from the body weight and its ratio to 
liver weight obtained from normal animals. 
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Chemical methods 

Water content of liver was estimated by drying to constant weight over phosphorus pentoxide 
in an evacuated desiccator, 

Chloride in liver and plasma was measured by the Carius-Van Slyke procedure (Van Slyke, 1923). 
For plasma the precipitated silver chloride was removed by filtration before the thiocyanate titra- 
tions. Samples of liver for analysis were first broken up in KOH (Sunderman & Williams, 1933). 
The precipitated silver chloride was not filtered off before the thiocyanate titration because it was 
found that, under the conditions used, the result was the same whether or not this was done. The 
sharpness of the end-point was increased by titrating with a small volume (about 0-2 ml.) of 
relatively concentrated sodium thiocyanate (0-1 x) from a mercury-driven, horizontal micro- 
burette. Extracellular space was calculated on the assumption that the concentration of Cl was 
the same throughout the space as in the plasma. A correction has been made for intracellular 
chloride on the basis of the figure given by Lowry, Hastings, McCay & Brown (1946) for normal 
rats, When the figures for extracellular space are used in the calculation of intracellular concentra- 
tions of amino-nitrogen, the relations between different groups of rats are very little pifected by 
the size of the correction for intracellular Cl, being in fact essentially unchanged. 

Total lipid in samples of liver was measured by a saponification method similar to that of 
Leathes & Raper (1925). 

Total nitrogen was measured by the Kjeldahl method, digestion being done according to the 
method of Chibnall, Rees & Williams (1943) with distillation into 1% boric acid containing methy] 
red-bromocresol green indicator for subsequent titration (Conway, 1947). 

For estimation of amino-acids the ninhydrin-CO, method (Hamilton & Van Slyke, 1943) was 
used on picric acid filtrates of blood plasma and liver and the colorimetric method of Frame, 
Russell & Wilhelmi (1943) on tungstic acid filtrates of whole blood from the tail. 

No routine correction for wrea was made in estimations by the ninhydrin-CO, method, since 
examination of a sample of animals disclosed differences between groups which were small enough 
to be ignored. For estimation of urea in these animals the method of Conway (1947) was used. 

Individual amino-acids were investigated by paper chromatography on tungstic acid filtrates, 
prepared by the methods described by Hier & Bergeim (1945) and Schurr, Thompson, Henderson 
& Elvehjem (1950). Immediately on removal from the body the samples of liver were placed in 
twice their weight of distilled water in a boiling water-bath for 2-3 min. The observations of 
Schurr, Thompson, Henderson & Elvehjem (1950) that after such treatment samples may be left 
for some hours without increase in free amino-nitrogen was confirmed. The samples were next 
homogenized in a small Potter-Elvehjem homogenizer, precipitated with tungstic acid and centri- 
fuged. The supernatant fluid was then desalted in an apparatus similar to that described by 
Consden, Gordon & Martin (1947), about 20 min being needed. The amounts required for indivi- 
dual paper chromatograms were evaporated to dryness in vacuo over phosphorus pentoxide at 
room temperature, and then washed on to the paper. At first, quantities of filtrate corresponding 
to 25 or 50 mg of wet liver, or 0-25-0-5 ml. of plasma were run, but later, to facilitate comparison 
between different samples, equal quantities of amino-nitrogen, usually 10 or 20 ug were used. 
Samples were examined at two levels, the lower level being used for the estimation of the substances 
present in higher concentrations, the higher level for substances present in lower concentrations. 
For chromatography, small squares (20 x 20 cm) of Whatman no. 1 paper were used on the frame 
described by Datta, Dent & Harris (1950). In this twelve sheets can be run simultaneously. Two- 
dimensional ascending chromatography was used, the first solvent being, phenol-ammonia, the 
second, collidine in the presence of diethylamine (Dent, 1948). The solvent front of the collidine 
was run beyond the edge of the paper by placing several thicknesses of filter-paper across the top 
edges of the papers in the frame. The solvents were evaporated at low temperature in order to 
avoid losses of amino-acids associated with evaporation at high temperature (Fowden & Penney, 
1950). As a general routine before chromatography, the material on the paper was treated with 
0-02% (w/v) ammonium molybdate and a drop of hydrogen peroxide (20 vol.) to oxidize gluta- 
thione and sulphur containing amino-acids (Dent, 1948). The pattern of amino-acids on the paper 
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was finally revealed by spraying with 0-1% ninhydrin in butanol, the colour being allowed to 
develop at 26° C for 24 hr. 

Most of the substances found on the paper chromatograms were identified in the first place by 
their position on the chromatogram and the fact that known material went to the same place. 
Certain properties of the spots gave confirmatory evidence in some cases, e.g. colour in the case of 
aspartic acid, B-alanine, proline and glycine, and rate of colour development in the case of taurine. 
These simple methods were deemed adequate for most substances, the usual presence of which was 
already well known. The spots were stable to acid hydrolysis (24 hr in 6 x-HCl in sealed tubes at 
100° C in an oven) with the exception of those of glutathione and glutamine which disappeared 
and that of ethanolamine phosphoric ester which was somewhat reduced in strength. Additional 
methods were used to confirm the identity of certain spots. The identity of ethanolamine phos- 
phoric ester was confirmed by treating the liver filtrate with phosphatase (kindly provided by 
Prof. E. J. King) before chromatography. A chromatogram prepared after this treatment showed 
no spot in the usual position of ethanol phosphoric ester but instead a spot in the position of 
ethanolamine. 

With liver, acid hydrolysis produced a proportional increase in the sttength of the spots repre- 
senting the hydrolysis products of glutamine and glutathione, but not of other spots, with the 
possible exception of that of serine for which some evidence of slight increase was observed. In 
plasma, hydrolysis of glutamine increased the glutamic acid spot but there also appeared to be 
a considerable increase in aspartic acid, the source of which was not identified. 

The identities of lysine and «-amino butyric acid in liver were confirmed on material obtained 
by aqueous elution of paper cut from unsprayed chromatograms, from the position estimated from 
a sprayed guide chromatogram run at the same time; the fact that the paper had been cut from 
the correct place was confirmed by subsequent spraying of the remaining paper with ninhydrin. 
Material obtained from this position contained a substance which ran together with lysine in 
butanol-acetic acid giving a large spot. There were also traces of two other substances, one running 
slightly faster and the other slightly slower than lysine, and corresponding to arginine and orni- 
thine respectively. It is known that ornithine may be formed from arginine during desalting 
(Stein & Moore, 1951). It seems from the evidence, however, that this effect is unlikely to have 
given rise to error in the present work. Desalting took.only a short time and was carried out in 
more dilute salt solution than that found by Stein & Moore to give large losses of arginine. These 
authors also found that putting salt-free solutions through the desalting process did not cause loss. 

In the normal solvents, a-amino butyric acid and histidine ran very close to one another. The 
spot in the approximate position for these substances did not give a Pauli reaction. Material 
eluted from the position of the spot gave a single spot corresponding to a-aminobutyric acid and 
not histidine when run in butanol-acetic acid (Partridge, 1948); histidine in fact gives a weak 
colour with ninhydrin and would have been difficult to detect on our chromatograms if present in 
the amounts found by microbiological estimation (Schurr, Thompson, Henderson & Elvehjem, 
1950). 

One small spot found after removal of glutamine by hydrolysis was not identified with certainty 
(Fig. 2,no. 11). The colour of this spot, bright blue like that of aspartic acid, when it was developed 
at 100° C after spraying with ninhydrin, indicates that it was f-alanine; we did not, however, 
exclude the possibility that citrulline, which runs to a similar position, was also present. 

In order to obtain quantitative data from the chromatograms, two measures of the quantity of 
material in each spot were employed, namely, the area of the spot (Fisher, Parsons & Morrison, 
1948) and a photometric measurement of the opacity of the centre of the spot. For the latter 
purpose an apparatus consisting of a round tin with a 6 V bulb and reflector attached to the floor 
and a hole of 1 cm diameter in the lid was used. The paper was placed with the centre of the spot 
over the hole, and a movable barrier-layer cell attached to a galvanometer was pressed over it. The 
apparatus was used like a direct reading colorimeter, the zero point being obtained from an area 
of paper where there were no spots. The area and optical density of each spot were combined in 
a single index, approximately equal! weight being given to each. This index had a linear relation 
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to the logarithm of the quantity of material on the paper when tested on standards over the range 
used. Unknown chromatograms were assessed against a standard curve obtained from standards 
run simultaneously and treated throughout in an identical manner. The groups to be compared 
were put through the process simultaneously, the use of a frame carrying many sheets making this 
possible. The coefficient of variation between sheets calculated from 140 duplicates, all substances 
combined, was 16%. The spots on which measurements were made were clearly separated except 
those for B-alanine, glutamine and alanine, and those for glycine and serine which tended to over- 
lap. The B-alanine spot was not measured but was always small compared with the glutamine spot, 
so that it is unlikely to have produced much error in estimation of the latter. The point of junction 
of glutamine and alanine was always clear at the edges of the spots, which were of similar size and 
density, so that any error from overlap of the one on to the other is likely to have been com- 
pensated to a great extent by similar overlap in the opposite direction. The error would in any case 
mainly affect only the measurement of area, and not the density at the centre of the spot, which 
was given equal weight in the estimation. 

Histological observations were made on samples fixed in acetic-Zenker solution, embedded in 
paraffin in the usual way and sectioned at 6». Mitotic counts were made under oil immersion 
(#¢ in.) in 200 randomly chosen fields (86 x 86 4) containing a total of approximately 3000 paren - 
chymal cell nuclei for each rat. Measurements of nuclear diameter were made on approximately 
fifty parenchymal cell nuclei for each rat. The diameter of every nucleus in five randomly selected 
fields was measured along whatever axis happened to run parallel with the scale in the eye piece. 
The mean of the resultant measurements was corrected for the error due to the full diameter not 
being measured for those nuclei whose centres did not lie within the section. 


The formula used was 
Dy -T Dg)* +3-16T'Dg) 
158 


where D,=real diameter in », D,=observed diameter in », 7 =section thickness in yp. This is 

derived, on the assumption that the nuclei were spherical, from the fact that the mean length of 

all parallel chords of a circle is 79% of the diameter, and the true number of nuclei whose centres 

lie within the section is 5" , where C, is the observed number of nuclei (see Brues, Drury & 
R 

Brues, 1936; Abercrombie, 1946). 


RESULTS 


For the sake of brevity animals which underwent the operation of partial 
hepatectomy alone will be referred to as ‘normal partially hepatectomized 
animals’; those which underwent the additional operation of adrenalectomy 
will be referred to as ‘adrenalectomized animals’, the fact that they were also 
partially hepatectomized being understood. 


Changes in the whole blood and plasma amino-acids 

Initially the method of Frame et al. (1943) was used to follow the concentra- 
tion of free amino-acids in whole blood taken from the tail, several samples 
being taken from the same animals at intervals. The results for the adrenalec- 
tomized and normal partially hepatectomized animals were very similar (Fig.1). 
In both groups there was little change in free amino-nitrogen in whole blood. 
Up to 8 hr there is no significant change from normal in either group. At 
24 hr there is a slight drop in both groups which is significant in the normal 
partially hepatectomized animals (P = 0-001, ¢ test, Fisher, 1946), butonly on the 
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border of significance in the adrenalectomized animals (0-1> P>0-05). As the 
concentration of free amino-acids in whole blood may be affected by variation 
in the proportion of corpuscles to plasma, which might have masked changes 
in the latter, total free amino-nitrogen of plasma was estimated in a number 


Normal partially hepatectomized rats 

2 
2 
§ 
Adrenalectomized partially hepatectomized rats 

@ 


12 = 


vee 


Hours after operation 
Fig. 1. Total amino-nitrogen of whole blood from tail; 
serial samples from individual animals. 
TaBLe 1. Total free amino-nitrogen of plasma and liver 
Plasma Liver Liver 
(mg N/100 ml.) (mg N/100 g) (mg N/ © eae 


A. A 


| Chr &br . 6b 24 hr 6hr 24 hr 
Normal fasting rats T1405 59402 41-3414 421414 793428 80-6436 
(4) (4) (4) (9) 


Partially hepatectomized 6-9 £02 70109 484444 650-4423 85:2i6-7 89-2146 
sdvennscnantaal rats (5) (5) (5) (12) 


The estimate of variation is the standard error of the mean. The number of rats in each group 


is given in brackets. Concentrations are given in mg carboxyl-amino N 100 ml. plasma, 


of rats by the specific ninhydrin CO, method (Hamilton & Van Slyke, 1943). 
The results are given in Table 1. These results are not corrected for error 


caused by urea. If this were done from the values for urea obtained from another 


series of rats (Table 2) all the figures would be reduced by 0-1 mg N/100 ml. 
There are small differences between the groups but none is significant. We 
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concluded that any change which takes place in total free amino-nitrogen of 
whole blood or plasma is of a minor degree. The results of investigation of 
individual amino-acids by paper chromatography are given in Table 3. 
A representative chromatogram is shown in Fig. 2. The concentrations of 


TaBLE 2. Urea concentrations in liver (mg/100 g fresh weight) and plasma (mg/100 ml.) 
6 hr 24 hr 


A A 


Plasma Liver Plasma Liver 
Normal rats 32-2 2-5 16-4 
5 
Fasting rats 25-2+2-0 29-8+1-2 28.329 38-9..9-7 
; (4) (4) (5) (5) 
Partially hepatectomized 26-2 + 0-4 32-041-5 27-1440 29-34 5-9 
rats (4) (4) (5) (5) 
Partially hepatectomized 36-2+7-0 40-945-1 22-3426 33-84 5-4 
adrenalectomized rats (4) (a) (5) (5) 


The number of rats in each group is given in brackets. The estimate of variation is the standard 
error of the mean. 


Tasie 3. Concentrations of free amino-acids and other substances in plasma 


6 and 24 hr after operation 
6 hr 24 hr 
Control "Control 
fasting PH PHA fasting PH PHA 
No. of rate ... 3 5 5 2 3 2 

Glutamic acid 0-08 + 0-004 0-07+ 0-006 0-06+0-009 0-1040-02 0-07+40-02 
Glutamine 0-63+0-09 0591008 0494004 0361004 0-4840-07 0-28+0-06 
Glycine 0-414002 0404004 09041025 06340-01 0-68+0-05 
Serine 0-5240-10 0524007 0424010 0364003 0381001 0-15+0-03 
Alanine 0-4140-04 0-3840-05 0294004 0724009 0844007 0-4840-10 
Valine 0-18+002 0-18+0-03 01541002 0484010 0544010 037+40-07 
Leucines 0-2540-05 0-3810-08 0244004 0214004 0264004 0-2940-08 


‘Lysine + arginine’ 0-9640-08 10840-15 0-9440-10 0-6140-08 0424001 0514018 
Threonine 0-2740-06 0-3010-02 0:2440-02 0-8440-02 0-6240-01 0-6140-28 
Methionine 0-0640-01 0-0640-01 “0-0540-01 0-0940-02 0-1340-04 0-1240-03 
0-1340-02 0-1640-02 0-1840-01 0-0740-01 0-18340-05 0-1740-04 
ylalanine 0-3140-07 0-4440-008 0:2240-02 0-1040-01 0-0840-03 0-09+0-02 
‘a-amino butyric 0-0140-01 0-0740-02 0-0440-01 0-124004 0144003 0-12+40-06 


Taurine 1-8040-30 1-3440-19 1-8540-24 1704030 1-9040-65 
Concentrations are given in mg carboxyl-amino N per 100 ml. plasma except for taurine which 
ml. plasma. Lysine and arginine were not separable and were 
The estimate of variation is the standard error of 

hepatectomized ; PHA = partially hepat ized and ad 


individual amino-acids found in plasma of unoperated animals are in general 
agreement with those reported by other workers using other methods of 
estimation (e.g. Hier & Bergeim, 1945; Christensen e¢ al. 1948; Henderson, 
Schurr & Elvehjem, 1949; Williams, Schurr & Elvehjem, 1950; Schurr, Thomp- 
son, Henderson, Williams & Elvehjem, 1950). However, in the instances in 
which total amino-nitrogen was measured by the ninhydrin-CO, method on 
samples which were also examined by chromatography, the total figure was 
considerably above the sum of the values for the individual amino-acids. The 
average sum for thirteen samples of plasma was 56% (standard error of the 
PH. OXXIV. 29 
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mean + 3%) of the figure given by the ninhydrin-CO, method. The discrepancy 
is only partly accounted for by the amino-acids which were not estimated. The 
increase in aspartic acid on hydrolysis, mentioned previously, suggests that 


® 


Collidine ——_—_> 


Fig. 2. Chromatograms of free amino-acids of liver and plasma. The samples were placed at the 
bottom left-hand junction of the black lines initially. The following substances are shown: 
1, glutathione ; 2, cysteic acid ; 3, aspartic acid; 4, ethanolamine phosphoric ester; 5, glutamic 
acid; 6, glycine; 7, serine; 8, taurine; 9, threonine; 10, lysine and arginine; 11, B-alanine (see 
text); 12, glutamine; 13, alanine; 14, a-amino butyric acid; 15, methionine sulphone; 
16, tyrosine; 17, proline; 18, valine; 19, leucines; 20, phenylalanine. The dotted spots were 
visible on the original chromatograms but did not appear in the reproductions. 
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combined amino-acids not detected on the chromatogram might be involved. 
No such discrepancy was found with liver filtrates. 


Free amino-acids in liver 

The results of estimation of total free amino-N in liver are given in Table 1. 
These results are not corrected for the error caused by urea. If this were done 
from the values for urea obtained from another series of rats (Table 2) all 
figures would be reduced by 0-1 mg/100 mg. The total free amino-N per 100 g 
fresh liver is raised in operated animals. The rise is partly but not wholly 
accounted for by the drop in extracellular space (Table 2). This is shown by 
calculation of the concentration of amino-N in the intracellular water, the 
results of which are also given in Table 1. The calculation was made from the 
data in Tables 1 and 4 on the assumption that extracellular fluid contained 


TaBLE 4. Histological characteristics and composition of liver 


Experimental animals 
Normal Normal 
aie animals fasted PH PHA 
Parenchymal cell mitoses/1000 nuclei 0-2 26 i 2-3 
Parenchymal cell nuclear 8340-2 77401 9-5+0-2 9-6+40-2 
diameter () (6) (5) (9) (9) 
Lipid (g/100 g) l 
Total N in residual lobes as % 30-5415 418415 54155 
_ estimated total N in liver initially (5) (5) (5) (5) 
Water (g/100 g) 2 
Extracellular (Cl) space (ml./100 181407 W1+15 18413 142404 
(5) (5) (5) (5) 
Extracellular (Cl) space (ml./100 g) 20-7405 14 06 15-8407 
(7) (i) (6) 
Concentrations are given in g or ml. per 100 g fresh weight. The number of rats in each group is 


iven in brackets. The estimate of variation is the 
tectomized; PHA = partially 


error of the mean. PH =partially 
92° water. The standard error of the mean concentration of amino-nitrogen 
in intracellular water was calculated at the same time from the variances of 
the measurements used in calculating the mean (see Johnson & Tetley, 1949). 
Only the 24 hr normal partially hepatectomized rats showed a significantly 
higher concentration of amino-N in the intracellular water than their controls 
(difference more than twice standard error of difference). 

This rise in the partially hepatectomized rats at 24 hr is in agreement with 
the report of Christensen et al. (1948). Though the concentration — 
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nitrogen is also higher in the adrenalectomized rats than in their controls the 
difference is not significant. The difference between operated animals and 
controls at 6 hr is also not significant. All the groups of operated animals, 
however, showed changes in individual amino-acids or other substances in the 
liver when examined by paper chromatography. The results of investigation 
by paper chromatography are given in Table 5. The most striking changes 


Concentrations are given in 
100 g fresh wt for taurine and 
PHA = partially hepatectomized and 


Tasix 5. Concentrations of free amino-acids and other substances in liver 


151 +39 


oth 


79 +12 


53 +7 


6 hr 24 hr 
Control Control 
fasted PH PHA fasted PH PHA 

No, of rats 4 5 5 8 9 8 
ic acid 1-2540-20 5784158 45041092 1884014 2-264028 2-0640-17 
Glutamic acid 2-60+-0-31 12-3642:30 9-68+1-86 4894041 8784106 63440-26 
Glutamine 4:1340902 2404032 2364031 5-68+40-58 30814039 3-3140-45 
Glycine 4-95+0-85 4004046 4664052 4341029 4-1040-23 
Serine 0-8140-11 1094023 1434028 0851010 1-2740-16 1-23+0-09 
Alanine 8-90+0-39 110242-15 4364046 6364042 6814122 620+0-60 
Valine 0-96+-0-:16 0874013 0044016 0684008 0624005 064+0-05 
Leucines 1-66+0-26 1434028 1544028 0-7340-11 0714008 0-79+0-09 
0-33+0-11 65841-9056 4854266 1-6340-20 3634036 3-1140-28 

0-8840-16 1-:1240-24 1-5040-25 — 

Methionine 0-30+0-07 0334001 0-36+0-04 — 
0-60+0-02 0684006 06640-09 0-:7640-05 0°8840-05 0-82+0-04 

ylalanine 0-36+0-06 0414007 0-53+0-13 — — 
‘a-amino butyric 0-07+,0-04 0474004 0414007 0064003 0-3340-06 0-2140-04 

acid’ 
Glutathione 7-08+0-14 809240-72 88 132 13:7 +18 
Ethanolamine 14-7 +25 3563 +92 546 481 125 105 256 430 58-3 +5-1 


6494125 293 +54 29:3 +23 


carboxyl-amino N per 100 g fresh wt., or mg substance per 
anolamine phosphoric ester. PH = partially hepatectomized ; 
adrenalectomi 


; — means concentration not 


The estimate of variation is the standard error of the mean. 


found in regenerating liver were in the dicarboxylic amino-acids glutamic and 
_ aspartic acid, in lysme, and in ethanolamine phosphoric ester, all of which 
increased in concentration. The changes in the above substances were more 
marked at 6 hr than at 24 hr, except in the case of ethanolamine phosphoric 
ester. Other substances showed less marked but definite changes. It was 
found, in confirmation of the report of Christensen e¢ al. (1948), that glutamine 
concentration was reduced in regenerating liver and glutathione increased at 
24 hr. The concentration of the substance identified as «-amino butyric acid 
was increased in regenerating liver. Taurine was consistently reduced in con- 
centration. In general the adrenalectomized animals showed similar but less 
marked changes than the normal partially hepatectomized animals, a difference 
which would be increased somewhat if the concentrations in intracellular 
water were compared. However, for one substance, ethanolamine phosphoric 
ester, the change was considerably greater in the adrenalectomized than in the 
normal partially hepatectomized animals. 
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General comparison between adrenalectomized and normal 
partially hepatectomized animals 

Adrenalectomy had a considerable effect on some of the individual changes 
which occur normally in the liver during regeneration but did not prevent 
regeneration. Tables 4 and 6 give the results other than those for amino-acids. 

In all animals there was a drop in the wet weight of the liver in the 6 hr 
immediately following operation; least in adrenalectomized animals and 
greatest in the unoperated controls. At 24hr the weight of the liver in 
partially hepatectomized animals had increased above the value at opera- 
tion, but in the adrenalectomized animals it was approximately the same as 
that at operation. However, in the 24 hr fasted control animals, the liver had 
decreased to two-thirds of its original weight. Thus the liver weights of the 
adrenalectomized animals lay between those of the normal partially hepatec- 
tomized and those of the unoperated fasted animals both at 6 and 24 hr. 

Among individual constituents of the liver the greatest difference between 
adrenalectomized and normal partially hepatectomized animals was in the 
lipid; the usual marked increase in the partially hepatectomized animals was 
greatly reduced by adrenalectomy, as was found by MacKay & Carne (1938) 
and Berman et al. (1947). The lipid infiltration in the partially hepatectomized 
animals is reflected in the low-water content of the liver at 24 hr. The relative 
absence of lipid infiltration in the adrenalectomized animals did not account 
entirely for the smaller increase in wet weight in comparison with the partially 
hepatectomized animals, because the total liver nitrogen had also increased 
significantly less at 24hr. Both adrenalectomized and normal partially 
hepatectomized animals showed a progressive drop in chloride space, reported 
previously only for normal partially hepatectomized animals (Harkness, 1952). 
Both adrenalectomized and normal partially hepatectomized animals showed 
equally the characteristic swelling of the nuclei of parenchymal cells which 
precedes mitosis (Ferreira, 1940; Stowell, 1948; Bucher & Glinos, 1950; 
Abercrombie & Harkness, 1951; Harkness, 1952). Both groups showed mitosis 
at 24 hr. There was less in the adrenalectomized animals though the difference 
is not significant by a ¢ test (Fisher, 1946). Thus the adrenalectomized animals 
showed generally similar changes to the normal partially hepatectomized 
animals, but these changes were less marked. The changes other than in lipid 
were more marked than we had expected from the report of Berman ¢ al. 
(1947), which was the only one available at the start of this work. They are 
consistent with the view that adrenalectomy slows, but in no way prevents, 
liver regeneration, and with the reports of Canzanelli, Guild & Rapport (1949), 
Drabkin (1950), Friedgood, Vars & Zerbe (1950) and Roberts (1953). It is of 
interest that the effect of cortisone is the opposite of what one might expect 
from these results, in that it appears to suppress cell division in regenerating 
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liver (Roberts, Florey & Joklik, 1952). It is not yet possible to say whether 
this is a question of dosage or whether cortisone by itself behaves unlike the 
natural adrenal cortical secretions of the rat in this respect. 

An additional finding was that the adrenalectomized rats lost significantly 
less body weight than the normal partially hepatectomized rats. A similar 
difference in loss of weight between adrenalectomized animals and pair-fed 
controls has been recorded by Folley & Greenbaum (1947) and was ascribed to 
greater bodily activity in the normal animals. 


DISCUSSION 


One of the aims of the investigation was to throw light on the stimulus of liver 
regeneration, on the assumption that it is an effective change in the environ- 
ment of the hepatic cells which causes them to undergo the changes which 
follow partial hepatectomy. Des Marais & Dugal (1948) reported a rise in 
blood amino-acids after partial hepatectomy, and this, in conjunction with 
evidence that regeneration is more rapid with high dietary protein intake, 
seemed to indicate that some of these amino-acids might be involved in the 
stimulus to liver regeneration. 


Plasma amino-acids 


The present work showed almost no change in total plasma amino-nitrogen 
after partial hepatectomy. This confirmed the results of Christensen et al. 
(1948), but did not agree with those of Des Marais & Dugal (1948). It is 
possible that the results of Des Marais & Dugal were due to post-operative 
shock, as this is known to produce a rise in blood amino-acid concentration. 

The results of chromatography further indicated that the concentrations of 
individual amino-acids also stay relatively constant, but it is possible that 
real changes did take place which were too small to be detected by this method. 
Furthermore, the investigation was made on arterial blood plasma, and this is 
likely to differ in composition from the plasma which forms the effective 
environment of the liver cells. It is known that the gut may add amino-acids 
to blood, even in a fasting animal (Kline, 1946), so it is possible that a local 
increase in concentration could be produced in this way, without any detect- 
able change in arterial blood, if the substance were removed by the liver. This 
would mean, however, that the primary stimulus acted on the gut and not on 
the liver. It would then be necessary to suppose also that the liver removed 
more of the substance than normally, or that there was a concomitant increase 
in the rate of removal, or decrease in the rate of addition from other organs. 

Since liver is subjected to wide variations in amino-acid concentrations in 
normal life, without being involved in any changes comparable to those found 
after partial hepatectomy, it seems unlikely that if changes in amino-acid 


‘ =x 4 
4 “ 
4 
> 
. 
1 
> 
‘ 


456 V. FERRARI AND R. D. HARKNESS 


concentration were the effective stimulus to liver regeneration, they would 
have remained undetected in the present experiment. 

It thus appears that a change in the total concentration of amino-acids, or 
in the ratio of amino-acids, is unlikely to be the primary stimulus to liver 
regeneration. 

Liver amino-acids 

Increased concentrations of amino-acids have been reported in several types 
of growing tissues, e.g. yeasts (Roine, 1946); bacteria (Gale, 1947); embryos 
(Christensen & Streicher, 1948). Such rises appear typical of growing tissues 
and were found in regenerating liver (Christensen et al. 1948), but not in the 
early stages after the operation. 

In the liver a rise in free amino-nitrogen was demonstrable 24 hr after 
partial hepatectomy. Though there was no significant increase in intracellular 
amino-nitrogen at 6 hr, changes in individual amino-acids were found. These 
changes could be connected with (a) changes in the rate of urea formation by 
regenerating liver, or (6) with changes in the rate of protein synthesis by 
regenerating liver. If these changes are connected with (a) or (b) then changes 
in (a) or (6) should be observed early after partial hepatectomy. The available 
evidence (Rosenthal, Rogers, Vars & Ferguson, 1951) indicates that the total 
daily rate of urea production is hardly affected by partial hepatectomy in the 
first day after operation, or even in the first 6 hr after operation (see Green- 
baum, Greenwood & Harkness, 1954). Thus it appears that urea production 
per unit weight of liver increases very rapidly after partial hepatectomy. 

There are two main aspects of protein synthesis in regenerating liver, 
synthesis leading to net increase in liver protein, and synthesis of plasma 
proteins. Regarding the net increase in protein, the only direct estimations 
appear to be those of Gurd, Vars & Ravdin (1948), Szego & Roberts (1949), 
and Roberts (1953). There are also estimations of total nitrogen (Brues et al. 
1936; Harkness, 1952) and of fat-free, glycogen-free solid (Harkness, 1952), 
changes which represent, principally, changes in protein. Though there are 
some inconsistencies in the results, they point to the general conclusion that 
the relative rate of increase of liver protein per unit present is greatest between 
approximately 4-1} days after operation, and diminishes progressively there- 
after ; there is little net increase in liver protein in the first 12 hr post-operatively. 

There are few results on the rate of plasma protein synthesis. Chanutin, 
Hortenstine, Cole & Ludewig (1938) prade an extensive investigation of changes 
in plasma protein concentration up to 32 days after partial hepatectomy, while 
Roberts (1953) described changes up to 48 hr. The total concentration of 
plasma protein falls after partial hepatectomy, as do the concentrations of 
most individual proteins, except that of fibrinogen which rises. The total 
plasma protein concentration reaches its lowest level at about the first to 
second day and subsequently rises to normal. If one assumes that the distri- 
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bution volume of plasma protein is proportional to the plasma vol 
measured by Lowrance & Chanutin (1942), and that its rate of destruction 
remains unaltered one can obtain an estimate of the changes in the rate of 
plasma protein synthesis from the concentration data. Taking a half-life of 
3-4 days for the total plasma protein of the rat (see Tarver, 1951) one finds 
a maximum rate of plasma protein synthesis per unit weight of protein in the 
liver on the third post-operative day, i.e. between 48 and 72 hr. Thus it appears 
probable that the maximum rate of synthesis of plasma protein occurs later 
than the maximum for liver protein. This conclusion may explain the results 
of measurements of Eliasson, Hammarsten, Reichard, Aqvist, Thorell & 
Ehrensvard (1951) on rate of incorporation of isotopically labelled glycine into 
the protein of regenerating liver. They found a maximum 2-3 days after 
operation. As there is evidence that the fraction of liver protein which most 
actively takes up labelled amino-acids in normal rat liver is identical electro- 
phoretically with plasma albumen (Peters & Anfinsen, 1950) it seems possible 
that the results of Eliasson et al. (1951) reflect changes in the rate of plasma 
protein synthesis, rather than in rate of growth of liver protein. 

Thus it appears probable that the changes in individual amino-acids in the 
liver, found 6 hr after partial hepatectomy, are more closely associated with 
changes in the rate of urea formation by the miles rather than with changes in 
the rate of protein synthesis by the liver. 


Changes in individual substances in the liver 

Changes in individual amino-acids and other substances in the liver will now 
be considered. 
Glutamic acid and glutamine 

It is perhaps not surprising, in view of their importance in amino-acid 
metabolism, in transamination and ureogenesis, that glutamic and aspartic 
acids were among those most affected. The earliness of these changes suggests 
a relation to urea production rather than protein synthesis. However, changes 
in these amino-acids in connexion with growth in other situations have been 
reported. An increase in the concentration of free glutamic acid has been 
recorded in association with rapid growth of yeasts (Roine, 1946) and bacteria 
(Gale, 1947); on the other hand, no great difference from normal was found 
in foetal tissue by Krebs, Eggleston & Hems (1949) and by Gordon (1949). 
In hepatomas of mice Roberts & Frankel (1949) found some evidence of an 
increase in glutamic and aspartic acids, but not more than the increase in 
a number of other amino-acids. However, these investigations of foetal and 
tumour tissue took no account of the possible effect of abnormality in the 
volume of extracellular space, which is likely to be important since glutamic 
acid is present in very much greater concentration inside the cell than in the 
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surrounding fluid. Indeed, if this concentration ratio is the same in adult and 
foetal tissue, the fact that Krebs et al. (1949) found approximately the same 
glutamic acid concentrations in foetal and adult tissue may be taken to 
indicate that the intracellular concentration is higher in foetal tissue, since it 
is probable that the volume of extracellular space is higher. There appear to 
be no records of actual measurements of extracellular space in embryonic 
tissue in the literature. The concentrations of Cl and Na, however, diminish 
with age in human embryos (lob & Swanson, 1934). The water content of 
embryos is well known to diminish with age (e.g. Hamilton & Dewar, 1938). 
There is definite evidence that the extracellular space diminishes with age after 
birth in cats (Yannet & Darrow, 1938). 

In the present investigation the concentration of glutamine in regenerating 
liver was found to be reduced. This agrees with the findings of Christensen et al. 
(1948). Regarding glutamine as a store of amino-nitrogen (Archibald, 1945) 
one would expect it to be reduced im association with increased protein 
synthesis. The combined effect of this fall and the rise in glutamic acid is 
a marked rise in the ratio of glutamic acid to glutamine concentration. A simi- 
lar trend was found by Krebs et al. (1949), in foetal tissues compared with adult, 
more consistently than difference in absolute concentration of the individual 
substances. 


Glutathione 

The rise in glutathione concentration after partial hepatectomy confirms the 
findings of Christensen e¢ al. (1948). It is of interest to note that a number of 
other instances of a similar change in glutathione concentration in growing 
tissues have been recorded, for example in the growing points of coelenterates 
and in growing plant tissues (see Barron, 1951), and in sea-urchins’ eggs prior 
to the onset of cell division (Rapkine, 1931). Hepatoma tissue, however, was 
found to have the same concentration as normal liver (Kinosita, 1938; Green- 


stein, 1942) and ultrafiltrates of the same material had even lower values 
(Zamecnik & Stephenson, 1949). 
Lysine 

A rise in lysine concentration has not been demonstrated to be associated 
with growth of tissues other than liver. Lysine is relatively inert metabolically, 
in that it does not undergo transamination like other amino-acids, and it 
appeared that the rise might be the result of this. It appears that the flow of 
amino-acids to the liver must be increased relative to the bulk of the liver 
after partial hepatectomy, in which case one would expect those amino-acids 
which are metabolized more slowly to accumulate. However, ingestion of 
lysine by normal rats does not apparently cause a greater increase in plasma or 
liver free amino-nitrogen than ingestion of other amino-acids which do not 
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increase in concentration in regenerating liver (Christensen et al. 1948). Admini- 
stration of lysine also increases ureogenesis in dogs no less than a number of 
other amino-acids (Kamin & Handler, 1951). It is perhaps worth noting that 
a combination of fasting and exercise was found by Williams et al. (1950) to 
produce a marked rise in free lysine of the liver in rats. However, valine was 
also comparably increased which is not the case in regenerating liver. 
Ethanolamine phosphoric ester 

Substances other than amino-acids and peptides revealed by paper chroma- 
tography were taurine and ethanolamine phosphoric ester. Too little appears 
to be known about the occurrence and metabolism of taurine to make it worth 
while discussing possible interpretations of the drop in concentration found in 
regenerating liver. Ethanolamine phosphoric ester was first recorded in 
tumour tissue by Outhouse (1936), who failed to find it in normal tissue 
(Outhouse, 1937). Colowick & Cori (1939) showed that it was present in the 
tissue of normal gut. More recently it has been detected in a variety of tissues 
by paper chromatography (Awapara, Landua & Fuerst, 1950; Ansell & Daw- 
son, 1951). It was found in several human tumours, but not in especially high 
concentration compared with rat tissues. It appears to be present in highest 
concentrations in reticulo-endothelial tissue, lymph nodes, spleen and thymus 
of rat. It was found in greater concentration in extracts of embryonic calf 
muscle than adult muscle by Gordon (1949). Thus high concentrations of this 
substance seem to be associated with growing tissues, though this is not 
a universal rule. Its concentration in blood plasma is very low. Though not 
normally present it has been found in urine of a man from whom part of the 
liver containing a tumour was removed (Flynn & Walshe, 1951). We have not 
examined rat urine after partial hepatectomy. The function of ethanolamine 
phosphoric ester is at present obscure. It is of course present in combined form 
in certain phospholipids. Its concentration in regenerating liver of normal 
rats, up to 24 hr after partial hepatectomy changes similarly to that of total 
lipid. However, the changes are not similar in the adrenalectomized animals. — 
Chargaff & Keston (1940) gave ethanolamine phosphoric ester labelled with 
*P to rats and studied the rate of the incorporation of the label into the 
phospholipids. They were unable to distinguish whether the labelled phosphate 
had been incorporated in combination with ethanolamine or separately after 
hydrolysis of the latter. Dawson & Ansell (1951) found that phosphate labelled 
with ®2P was much more rapidly taken up into the free ethanolamine phosphate 
than into the phospholipids in rat brain, and concluded that the free ethanol- 
amine phosphoric ester could not be formed by breakdown of phospholipid. 
A substance which behaved chromatographically like ethanolamine phosphoric 
ester was found by Blaschko, Datta & Harris (1953) in urine of pyridoxine- 
deficient rats. Thus, apart from a few fragmentary observations there seems 
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to be very little information about the function of ethanolamine phosphoric 
ester, and certainly not enough to allow any logical interpretation of our results. 

One further point requires discussion, namely the interpretation of the 

changes found in adrenalectomized animals. It appears that our results are in 
general agreement with the hypothesis that adrenalectomy does not interfere 
fundamentally with liver regeneration, but merely slows it down and alters 
certain features of it, e.g. fatty infiltration of liver, more than others. Other 
work on the effect of adrenalectomy on regenerating liver supports this con- 
clusion (Canzanelli et al. 1949; Drabkin, 1950; Friedgood et al. 1950; Roberts, 
1953). 

SUMMARY 

1. Changes in free amino-acids in liver and blood after partial hepatectomy 
have been investigated in normal and adrenalectomized rats 6 and 24 hr after 
partial hepatectomy. 

2. Very little change in total free amino-nitrogen of whole blood or plasma 
was found, or of individual constituents of plasma investigated by paper 
chromatography. 

3. In liver there was a rise in the concentration of free amino-nitrogen, 
which however could for the most part be accounted for by change in extra- 
cellular space, except in the case of normal partially hepatectomized rats at 
24 hr. In all operated animals changes in individual substances were found by 
paper chromatography. These changes were most marked at 6 hr when there 
was a rise in glutamic and aspartic acids, lysine and ethanolamine phosphoric 
ester. At 24 hr they were less marked except in the case of ethanolamine 
phosphoric ester, and there was rise in glutathione. 

4. The changes in adrenalectomized animals were generally similar to 
those in normal animals after partial hepatectomy. 

We should like to record our thanks to Prof. G. L. Brown for criticism of the manuscript, to 
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THE FATE OF THE ANTIDIURETIC ACTIVITY 
OF PITRESSIN IN RATS 


By 8. E. DICKER 
From the Department of Pharmacology, University College, London 
(Received 30 October 1953) 


Shannon (1942) and Verney (1947) found that infusions of posterior pituitary 
extracts at rates from 1 to 5 mU per hour restored the urine flow of hypo- 
physectomized dogs to rates observed in normal animals. According to Hare, 
Hare & Phillips (1943) and to Chambers, Melville, Hare & Hare (1945), how- 
ever, the amounts of posterior pituitary extracts required to restore urine flow 
and urinary chloride concentration of dogs with diabetes insipidus to values 
observed in normal animals was of the order of 700 mU per hour. 

The aim of the present investigation was to estimate the probable rate of 
liberation of antidiuretic hormone in rats by determining the doses of a com- 
mercial pituitary preparation (Pitressin) required to produce graded anti- 
diuresis and to study the fate of that preparation when infused into rats, in 
ethanol anaesthesia. In order to simplify the findings advantage has been 
taken of the ability of ethanol to suppress the secretion of antidiuretic hormone 
(van Dyke & Ames, 1951). 

METHODS 
Rats of both sexes (body weight: 200-250 g) were used. Food, but not water, was withheld for 
about 18 hr before experiments. 

Preparation of animals. With one exception, mentioned in the text, the animals were in ethanol 
anaesthesia, The bladder was catheterized, a jugular vein was cannulated with a polythene tube 
and a stomach tube fixed in situ. For collection of urine samples, the rat was then placed in 
a holder attached to a balance sensitive enough to record changes of weight of 0-03 g. Urine was 
allowed to fall freely from the bjadder catheter into a small reservoir connected to a Perspex 
‘meter’ similar to that described by Boura & Dicker (1953). The Perspex ‘meter’ metered out 
volumes of 0-1125 ml.; they were recorded on a smoked drum. The stomach tube was connected 
to a burette containing a 2% ethanol solution. The flow of the burette was controlled by a telephone 
relay converted (Schild, 1946) to compress fine tubing. Each time the body weight of the rat 
decreased by 0-03 g, as a result of water loss, the beam of the balance made a contact with an 
electrode, which in turn through an electronic apparatus opened the converted relay on the 
stomach tube, allowing an amount of liquid equal to the loss of weight to run into the stomach. 
The electronic circuit was a modification of that described by Boura & Dicker (1953). 

Infusions were made in animals previously loaded with amounts of water varying from 2-0 to 
15 ml./100 g. For intravenous infusions the jugular cannula was connected to an infusion apparatus 


SEED EL, 


a — 


SFB ERP EE 


a> 


wee 


a 
4A 
~ 
‘ 
¢ 


EXCRETION OF ANTIDIURETIC HORMONE 465 


delivering 0-008 or 0-014 ml./min. As there was no significant difference between effects produced 
by these two speeds, most of the infusions were given at the speed of 0-008 ml./min. As a rule, 
the infusion continued for 30 min. To achieve ethanol anaesthesia together with water loads as 
low as 2-0 ml./100 g, 2-0 ml./100 g body weight of a 12% ethanol solution in 0-9% NaCl was 
injected into a tail vein. (Amounts of urine lost before the animal could be fixed on the balance 
were made good by feeding the rat with the required oral dose of a 2% ethanol solution.) For 
higher water loads, 5 ml./100 g of a 12% ethanol solution was given by stomach tube; this was 
followed by adequate oral doses of water. 

To estimate the antidiuretic activity of urine, urine samples were collected in graduated 
cylinders (for detail of assembly, see Boura & Dicker, 1953) containing 0-5 ml. of a 0-25 % acetic 
acid solution in saline. They were concentrated at reduced pressure at room temperature to 
a volume of 0-5 ml./100 g rat and injected intravenously, without dialysis, into a test animal 
prepared for the assaying of very small antidiuretic activity (Dicker, 1953). 

All experiments were conducted in a thermo-regulated room, at a temperature of 23° C. 

Drug. Pitressin (Parke, Davis and Co.); solutions of the same batch, E 36137, were used as 
standard for the estimation of antidiuretic effects and for all infusion experiments. 

Definitions. mU =milliunit; microunit = =activity of c.c. Injectio Vasopressini B.P. 
The word ‘ Pitressin’ has been used to distinguish the drug infused from its antidiuretic activity ; 
the antidiuretic activity of the drug has been referred to as ‘vasopressin’, whereas the use of 
‘antidiuretic hormone’ has been reserved for the natural secretion of the animal’s own pituitary 
gland. 


RESULTS 

The concentrations of Pitressin solutions used varied from 0-24 to 
6-00 mU/ml. Infused at a speed of 0-008 ml./min, this represented rates from 
2 to 504U/min/100 g body weight. 

In rats with low or moderate water load (from 2 to 8-0 ml./100 g) rates of 
infusion of Pitressin lower than 5 1.U/min/100 g had no significant effect on the 
urine excretion: in three out of seven experiments only was there a slight 
transient antidiuretic effect. Infusions of Pitressin at rates of 10 1.U/min/100 g 
had a clear antidiuretic effect which outlasted the time of the infusion. Maxi- 
mum antidiuretic effects were obtained for rates of infusion of Pitressin of 
between 16 and 20.U/min/100 g rat. It is of interest to note that the greatest 
antidiuretic effect (called here ‘maximum’) produced by infusions of Pitressin 
was not maximum when compared with that observed in dehydrated rats. In 
experiments in which rats, with a constant water load of 8-0 ml./100 g had 
been infused with Pitressin at rates from 20 to 50.U/100 g/min for as long as 
- 2hr, the rate of urine excretion never decreased below 0-0015 ml./100 g/min, 
while during dehydration, rates of urine excretion as low as 0-00033 ml./ 
100 g/min can be encountered. 

In rats kept on high water loads (between 9 and 15 ml./100 g), rates of 
infusions of Pitressin below 20U/min/100 g had no antidiuretic effect. At 
_ tates of 20U/min/100 g the results were variable: in some animals there was 
no effect, while in some others it had approximately the same effect as that of 
an infusion of 104U/min/100g on rats kept on a moderate water load. 
Furthermore, whereas at moderate water loads (2-8 ml./100 g body weight) 
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repeated infusions of Pitressin had comparable antidiuretic effects, at high 
water loads, the effect produced by even higher rates of Pitressin infusions 
(from 20 to 50.U/min/100 g) could seldom be repeated; when an antidiuretic 
response was obtained at all the effect of a second infusion was always 
significantly smaller than that following the first infusion. 

The importance of the level of the water load on the magnitude of the anti- 
diuretic effect could be best demonstrated in experiments where infusions 
of Pitressin were made at different water loads. Fig. 1 shows the effect of three 
infusions of Pitressin at the rate of 15~U/min/100 g, for periods of 30 min 
each at water loads of 8-0, 10-2 and 13-7 ml./100 g body weight respectively. 


Fig. 1. Decreasing effects of infusions of Pitressin at increasing levels of water load. Rat, 235 ¢. 
Rate of infusion: 15 40/100 g/min. A: water load —8-0 ml,/100 g; B: water load = 10-2 ml./ 
100 g; C: water load = 13-7 ml./100 g. Duration (——-) of infusions 30 min. U <urine flow; 
each marking of the signal =0-1125 ml. urine; 7’ =time in minutes. 


There was no antidiuretic effect while the water load was high; it was, however, 
quite pronounced when the water load was low. The reverse could be shown 
by decreasing the water load (Fig. 2). These results agree with those of Pick- 
ford (1936) on the dog, and demonstrate that the sensitivity of the animals to 
Pitressin varied inversely with the water load. 

The time elapsing between the beginning of an infusion and the onset of the 
antidiuretic response may have been a function of the speed of the infusion. 
As in most of the experiments the speed was the same (0-008 ml./min), this 
factor was not investigated. No significant correlation could be found between 
the time elapsing before the onset of the inhibition and the amounts of 
Pitressin infused, beyond the fact that the onset seemed to be quicker with 
larger than with smaller amounts. There was good correlation between 
amounts of Pitressin infused and time needed for the inhibitory effect on 
urine excretion to disappear, provided that the results were compared on 
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animals with comparable water load. The best correlation, however, was 
between amounts of Pitressin infused and time elapsing before the maximum 
degree of inhibition was observed. Infusions of Pitressin at rates of 40 .U/min/ 
100 g reached their maximum effect in about 6-8 min, while those of 5 1.U/min/ 
100 g needed up to 24-25 min to exert their greatest effect (Table 1). Similar 
findings had been made by Burn & Grewal (1951) in human beings. This 


Fig. 2. Increasing effects of infusions of Pitressin at decreasing levels of water load. Rat, 245 ¢. 
Rate of infusion: 20 .0/100 g/min. A: water load = 13-2 ml./100 g; B: water load = 11-5 ml./ 
100 g; C: water load =9-0 ml./100 g. Duration (——->) of infusion, 30 min; U =urine flow in 
0-01125 ml. 7'=time in minutes, 


Amounts of Time for 
Pitressin Water load maximum 
infused of rats inhibition 
(wU/100 g/min) (ml./100 g) (min) 
5 6-0 24 
5 8-0 25 | 24°5 
10 70 20 
10 8-0 23} 20-0 
10 70 17 
15 8-0 20 
15 10-0 18 18-0 
15 12-0 16 
20 6-5 10 
20 75 19 
20 
20 10-0 g [13-0 
20 10-5 15 
20 13-2 10 
20 145 20 
40 8-0 8) 
40 110 6 73 
40 14-0 8 
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correlation between doses of Pitressin, and time for maximum effect was 
entirely independent of height of water load, though the intensity of the effect 
was of course smaller at high than at low water loads. 


Fate of vasopressin in the body 

Rats, in ethanol anaesthesia, kept on a constant water load (range 6-8 ml./ 
100 g) were infused with Pitressin solutions at rates ranging from 20 to 
100 »U/min/100 g body weight for periods of 30 or 60 min. They were decapi- 
tated 2-3 min after the end of the infusion, i.e. at a time when the anti- 
diuretic effect was still at its maximum. Blood was collected in heparinized 
tubes, and the plasma assayed for its antidiuretic activity. In four rats killed 
3 min after the end of the infusion no antidiuretic activity (i.e. less than 
3-54U/ml. (Dicker, 1953)) could be detected. In two rats of 200g each, 
killed 2 min after the end of an infusion of 504U/min/100 g lasting for 1 hr, 
the plasma had some antidiuretic activity. No four-point assay could be done 
in these two experiments; however, in both cases injections of 1-0 ml. plasma/ 
100 g rat resulted in an inhibitory response comparable to that produced by 
a dose of Pitressin of 10.U/100 g. The mean volume of plasma of a rat being 
3-35 ml./100 g (Montgomery, 1951), it would appear that about 70,U of 
vasopressin were still in the blood, an amount which is clearly negligible when 
compared with that infused, i.e. 6000 .U. 

These findings are in good agreement with those of Ginsburg & Heller (1953). 
They would suggest that vasopressin had been almost completely inactivated 
by its passage through the body or excreted in the urine, or both. 

To find out whether the kidneys played any part in the process of inactiva- 
tion, Pitressin was infused in rats which had either been nephrectomized or 
had their ureters ligated. In both series of experiments the animals were in 
ethanol anaesthesia; their hydration was moderate (5-6 ml./100 g of water). 
They were killed by decapitation 2-3 min after the end of an infusion, and 
their heparinized plasma assayed for its antidiuretic activity. The results are 
shown in Table 2. It will be seen that the total antidiuretic activity of the blood 
of nephrectomized rats was equivalent to between 47 and 63 % of the amount 
of Pitressin infused; that of the blood from rats with intact kidneys but 
ligated ureters, however, was nil or too small to be assayed. These experiments 
indicated clearly that the kidneys were responsible for the inactivation of 
about 50% of the Pitressin infused; they did not, however, give any informa- 
tion as to the possible excretion of vasopressin in the urine. 


Urinary excretion of Pitressin 

Infusions of Pitressin varying in total amount from 320 to 6000 U at rates 
ranging from 5 to 100.U/min/100 g body weight were made in animals with 
water loads from 7 to 14-5 ml./100 g. Urine samples were collected from the 
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onset of the infusion until about 30 min after the urine flow had recovered its 
normal value. They were concentrated at reduced pressure and assayed for 
their antidiuretic activity. The mean total antidiuretic activity of all the 


Tasiz 2. Antidiuretic activity of plasma of nephrectomized rats killed 2-3 min 
after the end of an infusion of Pitressin 
a A —~ Estimated activity of activity of plasma 
Total plasma plasma as percentage of 
ight Rates amounts volume —os HF amount of Pitressin 
(g)  (#U/100g/min) (ml) wU/ml.  pU/rat infused 
200 10 600 6-70 56 375 63 
210 15 945 7-04 70 493 52 
210 20 1260 7-04 84 590 47 
220 30 1980 7-37 134 988 50 


Duration and speed of infusions: 30 min and 0-008 ml. respectively. Plasma volume 
assumed to be 3-35 ml,/100 g (Montgomery, 19651), 


TaB_e 3. Antidiuretic activity of urine after infusions with Pitressin 


— A ~ activity of urine 
Total as percentage of 
Rates amounts Water loads _the total amount of 

(#U/100 g/min) (ml./100 g) Pitressin infused 
5° 646 14-0 79 
5* 646 8-0 22-0 
10 573 13-5 5-7 
10* 1146 10-0 5-2 
20 1644 8-0 31 
20* 3288 8-0 9-3 
20 1320 10-0 12-0 

20 1320 10-0 
20* 2640 10-0 31 
20 1236 75 3-4 
20 1236 7-5 8-5 
20 1236 12-0 21-0 
20 1470 7-5 10-0 
20* 2808 10-0 7-2 
20 1308 13-5 9-6 
20* 2808 14-5 6-6 
40 3000 11-0 4-4 
40 3000 14-5 5-2 
50 3900 6-5 5-5 
M =8-1 
8.B. + 1-23 


Infusions lasted 30 min; but for experiments marked * when they lasted 60 min. 

urine collected was equivalent to 8-1 +1-23% (19) of the total amount of 
Pitressin infused, irrespective of either the degree of hydration or of the 
magnitude of the antidiuretic effect (Table 3). The antidiuretic activity of the 
urine samples disappeared after treatment with 2N-NaOH or thioglycollic 
acid solution. Urine collected before an infusion or after the end of the 
inhibitory effect had no antidiuretic activity. 

In an attempt to see whether the antidiuretic activity of the urine was 
Pitressin secreted by the kidneys, urine samples were collected from 2 min 

after the end of an infusion, i.e. from the time when the blood was free of any 
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antidiuretic activity until complete disappearance of the inhibitory effect on 
the urine secretion. These samples concentrated at reduced pressure were tested 
for their antidiuretic activity. No significant assayable antidiuretic activity 
(i.e. less than 3-5 u.U) could be detected in these fractions when rats had been 
infused with small amounts of Pitressin (10—-20U/100 g/min). However, 
when rats had been infused with larger amounts of Pitressin (20-50,U/ 
100 g/min) with a correspondingly prolonged antidiuresis, urine collected after 
the end of the infusion had always a clear antidiuretic activity. The anti- 
diuretic activity of this portion of the urine was about one-third of the total 
activity found in urine when an undivided collection was made. 


Fig. 3. Effects of intracarotid injections and infusions in rate anaesthetized with ethanol (I and II) 
and with chloralose (III). I. Rat, 210g. Ethanol anaesthesia. Water load: 5-0 ml./100 g; 
A =jntracarotid infusion at 0-014 ml./min of a solution of 1-2% NaCl; B=intracarotid 
infusion of Pitressin at the rate of 204.U/100 g/min. II. Rat, 200g. Ethanol anaesthesia. 
Water load: 7-5 ml./100 g; at A and B: intracarotid injections of 0-4 ml. of 1-5 and 2-0% NaCl; 
C: intracarotid infusion of Pitressin at the rate of 15 4U/100 g/min. III. Rat, 210 g. Chloralose 
anaesthesia. Water load: 6-0 ml./100 g. at A: intracarotid injection of 0-4 ml. of a solution of 
2-0 % NaCl. U <urine flow in 0-1125 ml.; 7 =time in minutes, 

Urine samples after concentration were hypertonic. It was therefore 
necessary to investigate whether their antidiuretic activity could be attri- 
buted in part to tonicity. Single injections or infusions of hypertonic solutions 
of NaCl were accordingly made into the carotid artery in rats, in ethanol 
anaesthesia. The concentration of NaCl solutions ranged from 1-0 to 2-0 g/ 
100 ml. and the amounts injected from 0-1 to 0-4 ml./100 g rat, while the 
infusions were all of 0-5 ml., at either 0-008 or 0-014 ml./min. No significant 
antidiuretic effect could be detected in any of these experiments (Fig. 3). 
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In contrast, injections of similarly hypertonic solutions of NaCl (1-1-2-0 g/ 
100 ml.) into the carotid of a rat in chloralose anaesthesia produced a pro- 
nounced antidiuretic effect. 
DISCUSSION 

It would appear from these investigations that the cumulative effect of ethanol 
anaesthesia and constant water load in rats produces conditions similar to 
those in diabetes insipidus. No antidiuretic activity can be detected either in 
venous blood from the head or arterial blood from the carotid arteries (Dicker, 
1953), or in the urine; furthermore, injections or infusions of hypertonic saline 
solutions into the carotid artery do not produce any significant antidiuretic 
response. These rats are therefore in a state of functional hypophysectomy, and 
their reactions to infusions of Pitressin can be compared with those observed 
under similar conditions in hypophysectomized animals. Shannon (1942) 
observed graded antidiuresis following infusions of ‘Pituitrin’ in surgically 
hypophysectomized dogs, and concluded that ‘the normal rate of liberation of 
the antidiuretic hormone in a 10-15 kg dog appears to be in the order of 
magnitude of 1-0-5-0 mU/hr’. These results were confirmed by Verney (1947). 


4. of itui extend expressed in terms 
Pitressin) needed to produce in man, dog rat 
Surface 
Species Treatment (om*) cm*/min References 
Man Moderately hydrated, 17,300 0-70— 4-80 Calculated from Lauson (1951) 
urine loss replaced 
Dog 5,000 0-34— 1-66 
(1942) 
suitable 
doses of water 
Hypophysectomy 5,000 240-00 “aa from Hare et al. 
Rat Ethanol anaesthesia, 200 2-50-10-00 — 
water load kept constant 


However, in one of Shannon’s dogs (dog E), where an attempt was made to 
keep the water load constant, maximum antidiuresis was not obtained with 
infusions lower than 20 mU/hr. These results are in good agreement with those 
found in the present investigation on rats, especially when they are compared 
in terms of body surface (Table 4). Lauson (1951) carried out a similar investi- 
gation in man. The water load was kept constant, but low (between 1-0 and 
2-5°%, body weight). No information as to the presence (or absence) of anti- 
diuretic hormone in either blood or urine was given. Lauson’s (1951) con- 
clusions were that: ‘the normal rates of ADH secretion under ordinary condi- 
tions of diet and hydration are equivalent to intravenous pitressin infusions 
in the range of from less than 7-5 mU/hr to something under 50 mU/hr.’ The 
comparatively small amounts of Pitressin needed to produce graded anti- 
diuresis in moderately hydrated man could be either the result of species — 
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differences, or cumulative effect of Pitressin and of some residual antidiuretic 
hormone. 

Whereas insufficient hydration may not create the best conditions for 
estimating the rate of release of antidiuretic hormone, exaggerated hydration 
may also constitute a limiting factor. Shannon (1942) showed that raising the 
water load of hypophysectomized dogs decreased the expected antidiuretic 
response to an infusion of Pituitrin. This was explained by the increase of the 
glomerular filtration (from 26 to 37 ml./min) accompanying heavy hydration. 
Likewise, in the present series of experiments in rats, though no inulin 
clearances were estimated, it is likely that the insensitivity to Pitressin was 
partly due to an increased glomerular filtration rate accompanying high 
hydration (Dicker, 1951). 

To what extent do results obtained with infusions of Pitressin (or Pituitrin) 
in hydrated man or in surgically or functionally hypophysectomized animals 
represent the physiological range of antidiuretic hormone needed for the 
regulation of urine excretion, and hence for preserving constant the ‘milieu 
interieur’? This question raises two others: first, to what extent does hydra- 
tion, a prerequisite feature of these investigations, affect the sensitivity of the 
kidney to the specific action of the antidiuretic substance used? Secondly, is the 
vasopressin of substances like Pitressin identical in every respect with the 
antidiuretic hormone? There is a curious discrepancy between the minimum 
urine flow following infusions of maximum doses of Pitressin and that observed 
during dehydration. In man, Lauson (1951) found that after infusion of 
50 mU Pitressin/hr, the urine flow fell to a minimum of about 0-70 ml./min; 
during dehydration, however, the urine excretion in man can be as low as 
0-35-0-40 ml./min (McCance & Young, 1944). Likewise, in rats, after 48 hr 
of dehydration, the urine excretion was 0-00033 ml./100 g/min, while that 
following infusions of Pitressin of 20.U/100 g/min (or more) was never lower 
than 0-0015 ml./100 g/min, even when the water load was only 2-0 ml./100 g. 
In neither man nor rat did either the period of dehydration or the degree of 
hydration (2-0 ml./100 g in rat and man) produce a change in glomerular 
filtration (McCance & Young, 1944; Heller, 1949) which if present could have 
contributed to the enhanced antidiuretic effect. It may be then that even 
a moderate water load is enough to decrease the sensitivity of man or animal 
to the action of Pitressin. On the other hand, the possibility that Pitressin 
does not possess the same antidiuretic potency as the antidiuretic hormone 
should not be overlooked. In either case it would seem that until more is 
known as to whether both Pitressin and antidiuretic hormone are identical in 
their action the estimation of the release of antidiuretic hormone from infusions 
of Pitressin responsible for graded antidiuresis should be interpreted with care, 

While there is an inverse relationship between amounts of Pitressin (infused 
or injected) and time of maximum inhibition of urine flow, the duration of the 
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inhibition is directly proportional to the amounts of Pitressin infused. This 
could be explained either by an increase in concentration of the vasopressin 
in the blood until equilibrium was reached, followed at the end of the infusion 
by a decrease in concentration of the drug in the blood—or by the hypothesis 
advanced by Burn & Grewal (1951) that ‘the kidneys extract all the hormone 
from the blood that passes through them ’—or by assuming that vasopressin, 
though acting on the kidneys, was slowly inactivated by some other tissue 
(e.g. liver). 

No antidiuretic activity could be found in blood of rats in ethanol anaesthesia, 
a few minutes after the end of an infusion or as shown by Ginsburg & Heller 
(1953) after a massive intravenous injection. This fact alone invalidated the 
assumption that the duration of an antidiuretic effect was a function of the 
amounts of vasopressin circulating in the blood. It followed that vasopressin 
left the blood stream and was taken up by some tissues. The most important 
tissue responsible for inactivation is clearly the liver. Heller & Urban (1935) 
showed in 1 vitro experiments that the liver had a much greater capacity for 
inactivating Pitressin (or Pituitrin) than any other tissue. More recently, 
Ginsburg & Heller (1953), in in vivo experiments, claimed to have shown that 
in rats, liver inactivated about 40-50% of the amount of Pitressin injected, 
while the remainder was removed by the kidneys. It could be confirmed in the 
present investigation that in nephrectomized rats, killed 2-3 min after the end 
of an infusion, quantitative antidiuretic assay of the systemic blood showed 
that about 50°%, of the administered Pitressin was still in the blood stream; 
whereas in normal animals or in animals with kidneys intact but with ureters 
ligated, no antidiuretic activity could be found in the systemic blood. These 
experiments indicate quite clearly that the kidneys have a significant share in 
the process of extracting infused (or injected) Pitressin from circulating blood, 
and suggest that the kidneys may extract all the vasopressin or antidiuretic 
hormone from the blood that passes through them (Burn & Grewal, 1951). 

Little is known as to how vasopressin is used by the kidneys beyond the 
fact that the urine collected during and after an infusion (or injection) con- 
tains a certain amount of antidiuretic activity (O’Connor, 1951; Ginsburg & 
Heller, 1953). As plasma does not inactivate vasopressin (Dicker & Ginsburg, 
1950) it may be that the urinary antidiuretic activity represents that part of 
the vasopressin which filters through the glomeruli. This would agree with the 
fact that both vasopressin and the antidiuretic activity of the urine were 
destroyed after treatment with 2n-NaOH or thioglycollic acid solutions. 
Against this hypothesis are the findings that in rats this proportionate excre- 
tion of antidiuretic acitivity seems to be unaffected by the height of water 
loads and hence by changes in glomerular filtration (Dicker, 1951), and that it 
was present in urine whether or not the drug had produced an inhibitory 
effect on the rate of urine flow. Furthermore, it was present in the urine 
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collected after the end of an infusion, at a time when no antidiuretic activity 

could be found in the blood, though the inhibition of urine flow still persisted. 

One possible explanation would be that the antidiuretic activity recovered 

from the urine during and after an infusion of Pitressin is not identical with 

vasopressin, but is a modified form of the original substance which, as a result 

of detoxication during its passage through the kidneys, has about 10% of the 
initial antidiuretic activity. This problem is now under investigation. 


SUMMARY 


1. Intravenous infusions of a commercial preparation of the antidiuretic 
hormone (Pitressin, Parke, Davis and Co.) have been used in rats in ethanol 
anaesthesia, kept on a constant water load, to determine the amounts of 
Pitressin needed to produce graded antidiuresis. With moderate water loads 
(from 2-0 to about 8 ml./100 g), graded antidiuresis was obtained for rates of 
infusion ranging from 5 to 200/100 g/min of*Pitressin. With higher water 
loads (above 8 ml./100 g) there was a significant decrease of the sensitivity of 
the kidney to infusions of known amounts of Pitressin. 

2. No antidiuretic activity was found in blood of rats killed 2-3 min after 
the end of an infusion of Pitressin, while the antidiuresis still persisted, even 
if the ureters had previously been ligated. In nephrectomized rats, however, 
killed 2-3 min after the end of an infusion of Pitressin the antidiuretic activity 
of blood was equivalent to 50-60% of that of Pitressin infused. 

3. Urine collected during the period of inhibitory effect resulting from 
infusions of Pitressin exerted an antidiuretic effect when injected intravenously 
into test rats. The antidiuretic activity of these urine samples was equivalent 
to 8-6 + 1-23 % of the amount of Pitressin infused; it was independent of the 
water load or the degree of antidiuresis. 

4. Urine collected between the end of an infusion with Pitressin and the 
time of disappearance of the inhibitory effect contained about one-third of 
the antidiuretic activity found in an undivided urine collection. It was 
excreted at a time when the systemic blood was free of antidiuretic activity. 
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THE HISTOLOGICAL STRUCTURE OF THE RECEPTORS 
IN THE KNEE-JOINT OF THE CAT CORRELATED WITH 
THEIR PHYSIOLOGICAL RESPONSE 


By I, A. BOYD* 
From the Institute of Physiology, University of Glasgow 
(Received 31 October 1953) 


The posterior articular nerve to the knee-joint of the cat carries afferent 
discharges which are influenced by moving the joint (Boyd, 1953a; Boyd & 
Roberts, 1953). Two types of discharge can be recorded. They differ parti- 
cularly in the time-course of the adaptation of impulse-frequency during and 
after a movement of the joint: the discharges are accordingly referred to as 
‘slowly-adapting’ and ‘rapidly-adapting’. Recording from twigs of the 
posterior articular nerve, the slowly-adapting response is encountered much 
more frequently than the rapidly-adapting response. A notable feature of 
the slowly-adapting response is a sustained discharge at a frequency dependent 
on the position of the joint. 

Many different types of receptor have been described in the capsules of 
joints by Hénocque (1869), Krause (1874, man), Rauber (1874, man), Hagen- 
Torn (1882, various animals), Sfameni (1902, dog), Gardner (1944, cat), and 
Samuel (1948, cat). These receptors, however, do not fall readily into two 
classes in the way one would expect from the nature of the discharges in the 
nerves from the joint, so a further histological study has been undertaken. 
Two types of receptor have been found, and in this paper it will be shown 
that, by a combination of histological and neurophysiological techniques, it is 
possible to relate the type of receptor to the character of the discharge in the 
related axon when the joint is moved. 

The staining method employed (gold chloride) is suitable for the impreg- 
nation of myelinated nerve-fibres and organized nerve-endings, and it is with 
these that this paper is principally concerned. It is appreciated that the 
capsule may contain fine nerve-fibres which are not demonstrated with gold 
chloride, but it is regarded as unlikely that the discharges recorded arose in 
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such fine fibres. Each individual organized nerve-ending will be referred to as 
a ‘receptor’. The group of receptors supplied by one fibre in the posterior 
articular nerve will be referred to as one ‘sensory unit’. 


METHOD 


A single-fibre discharge was obtained from the posterior articular nerve to the knee-joint of the 
cat by the method previously described (Boyd & Roberts, 1953). The response to movement of 
the knee-joint was then investigated to determine whether the discharge was of rapidly-adapting 
or slowly-adapting type. If it was slowly-adapting, values of the steady, adapted impulse- 
frequency at a number of positions of the joint were noted, and curves relating the steady, 
adapted frequency to position were plotted. By using a pulse-interval meter (Andrew & Roberts, 
1954), the frequency of the impulses at any moment was obtained as a direct reading on a cali- 
brated meter. 


The sensory unit responsible for the recorded discharge was localized to 
a particular area of the joint-capsule by the following procedure. In the case 
of a slowly-adapting response the knee was set in a position in which the unit 
was discharging steadily, and the capsule was then explored with a probe 
until a region was found where light pressure produced an increase in the 
frequency of the discharge already visible on the oscilloscope. It was not 
regarded as satisfactory just to produce a discharge by pressure where no 
discharge had been present before. Where the response was rapidly-adapting 
localization was less simple since pressure over a rather wider area produced 
& response, and it was more difficult to be certain that the unit stimulated by 
pressure was, in fact, the one which responded on movement of the joint. 


_ However, localization of a unit of this type was considered adequate if the 


following three conditions were satisfied: (a) a discharge was produced on 
application and on release of pressure, there being no maintained discharge 
while constant pressure was applied: (b) the action-potentials of the discharge 
on pressure were of the same amplitude, as seen on the oscilloscope, as those 
produced by movement: and (c) the output of the monitoring loudspeaker 
was similar in pitch and in intensity for an action-potential produced by 
pressure as for one produced by movement of the joint. 

When the sensory unit had been localized, an attempt was made to separate 
from the rest of the joint-capsule a small piece of capsule containing the unit. 
This was done while listening to the discharge from the sensory unit on the 
loudspeaker. An incision was first made in the capsule parallel to the long 
axis of the tibia on the side of the unit furthest from the centre of the back of 
the capsule, and thereafter cross-incisions were made proximal and distal to 
the unit. The process of separation was continued until the discharge ceased 
due to cutting the afferent nerve-fibre from the sensory unit. The piece of 
tissue, thus partially separated, was then removed completely, together with 
just sufficient of the rest of the capsule to make it reasonably certain that the 
localized unit was within the portion removed. The extent of isolation of the 
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sensory unit depended on the amount of dissection completed before the 
supplying nerve was severed, and the more complete the isolation, the smaller 
was the piece of tissue removed. 

The separated portion of capsule was then stained by the modified gold chloride technique of 
Gairns (1930). Several small pieces of the soleus muscle were stained along with the pieces of 
joint-capsule, to prevent over-impregnation of the capsular tissue; the intensity of staining of the 
motor end-plates in the muscle also served as a guide to the degree of impregnation to be expected 
in the nerve elements of the capsule. The piece of capsule was then examined. Often the piece was 
small enough to be examined entire; larger specimens required to be divided and each portion 
examined in turn. Gentle pressure on the cover-glass was usually sufficient to make identification 
of any nerve elements possible. Areas containing nerve elements were then separated from the 
rest and dissected down with needles until the receptors could be seen. Every portion of the 
specimen was examined in detail, all portions containing nerve elements of any kind were mounted 
in glycerine, and the residue of capsular tissue was collected and preserved for subsequent re- 
examination. In some cases dissection was continued under a binocular dissecting microscope 
until single receptors, with their supplying nerve-fibres, were isolated and mounted. 

Capsular tissue from the posterior aspect of a number of other knee-joints of cats was also 
stained and selected portions examined. 


RESULTS 


Seventeen decerebrate cats were used. The above procedure, involving the 
removal of a piece of joint-capsule known to contain a sensory unit whose 
response had been analysed, constituted one experiment. Experiments were 
successfully completed in eleven animals; in four of these it proved possible 
to carry out the procedure for two sensory units in different areas of the same 
capsule, thus making a total of fifteen experiments. In addition, capsular 
- tissue from seven other knee-joints was examined histologically only. 


The types of sensory unit found 

Within the fibrous layer of the knee-joint capeale two definite and quite 
distinct types of sensory unit have been found, a ‘spray’ type and a ‘lamel- 
lated’ type. No organized nerve-endings were found elsewhere in the capsule. 
In a few cases the staining was such that a receptor could not be clearly 
classified into either of these types. In one case the specimen included part of 
one of the cruciate ligaments, and this contained typical tendon-organs of 
Golgi; some fibres of the popliteus muscle, containing muscle-spindles, were 
also included in this specimen. 

Sensory units of the spray type are by far the most numerous. They are 
distributed throughout the capsule but are present in greatest number in the 
centre of the back of the joint. Each sensory unit consists of from one to 
seven sprays supplied by a single axon. The majority have fewer than six 
sprays. In Pl. 1, fig. 1, a nerve trunk giving rise to a single fibre which ends 
in @ sensory unit with three sprays is shown. Each spray is similar in ap- 
pearance to the nerve-endings described by Ruffini. They consist of small, 
densely staining particles connected by fine, sh ic This unit 
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is shown at greater magnification in Pl. 1, fig. 2. Further examples of this 
type of sensory unit are shown in Pi. 1, fig. 3, in which the unit consists of 
two sprays, and in Pi. 1, fig. 4, in which the unit has at least five sprays. 
A very thin capsule of one or two layers of cells is occasionally seen round the 
whole of each spray, and it is probable that this capsule is always present 
although rarely visible with the staining technique used. The layers of capsule 
are clearly shown at high magnification in Pl. 2, fig. 1. A photodiagram, PI. 2, 
fig. 2, of one of the sprays of the sensory unit in Pl. 1, fig. 2, shows clearly the 
detailed structure. The dimensions of a number of sprays, and the diameters 
of the afferent fibres from sprays and from sensory units are given in Table 1. 
Tazie 1. Dimensions of the receptors in the knee-joint of the cat, and the diameters of their 


afferent fibres, as seén in specimens stained with chloride. Means+standard error. 
No. of observations given in brackets. sik 


Diameter of afferent fibre () 
Dimensions of receptors (,) c 
Fibre from Fibre from 
Type of sensory unit Length Breadth single receptor sensory unit 
Spray 93-84 55(40) 32:8416(40) 39401(40) 6340-3 (35) 
Lamellated 207-2414-1(18)  33:1420(18) 42402(20) 6440-5 (10) 
Tendon-organ 500-0 (1) 125-0 (1) a 12-0+0 


The sensory units of lamellated type are much less frequently encountered, 
and tend to lie towards the sides of the joint rather than in the centre of the 
back of the capsule. These units consist of one or of two or, very occasionally, 
of three elongated, cylindrical bodies supplied by branches from a single axon. 
Each of these bodies consists of a densely stained extension of the axon which 
runs straight through the body longitudinally and which frequently ends in 
a knob-like expansion, Surrounding this central portion is an evenly distri- 
buted, finely granular layer, outside which is a very distinct capsule consisting 
of a number of concentric lamellae. This capsule is nearly always clearly 
visible in gold-stained preparations. In PI. 3, figs. 1 and 2, the densely stained 
central portion, with its knob-like termination, is especially clear; the nuclei 
of the cells forming the layers of capsule are easily seen in Pl. 3, fig. 3. On one 
occasion such a receptor was found to have a second, miniature receptor 
growing out from its base (Pl. 3, fig. 4). The dimensions of the lamellated 
receptors, and the diameters of the fibres supplying receptors and complete 
sensory units, are given in Table 1. It will be seen that the lamellated receptors 
are about twice as long as the spray receptors. 

In the areas of capsule where both types of sensory unit are present the 
axon supplying the lamellated type of unit usually accompanies another axon 
supplying a unit of the spray type, the respective receptors lying close together. 
This often gives the impression that a receptor of spray type and one of 
lamellated type arise from the same axon. Careful examination and separation 
of the individual fibres under the dissecting microscope has never confirmed 
this impression. The fibres sometimes cross, and often appear superimposed 
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along part of their course, but on no occasion on which a fibre has been seen 
to divide at a node have the individual branches been found to serve receptors 
of different types. 

The piece of cruciate ligament which was included in the specimen on one 
occasion contained two typical tendon-organs of Golgi. Of these only one was 
intact and its dimensions are given in Table 1. This tendon-organ is shown in 
Pl. 2, fig. 3; note that it is very much larger than any of the sensory units in 
the fibrous layer of the joint-capsule (cf. Pl. 1, fig. 3, where the magnification 
is the same). The diameters of the afferent fibres from both the tendon-organs 
were measured (see Table 1). Examples of the different types of receptor have 
previously been demonstrated (Boyd, 19536). 


Text-fig. 1. Diagram of the posterior aspect of the left knee-joint of the cat to show the positions 
from which the pieces of capsule, to which discharges had been localized, were dissected in 
each of the fifteen experiments. The area from which the specimen of capsule was removed in 
any one case is marked with the number of that experiment. 


The responses of the sensory units 
The positions from which the pieces of capsule were dissected in each of the 
fifteen experiments are shown in Text-fig. 1. The histological findings in the 
fifteen experiments are shown in Table 2. Owing to the small size of the 
receptors in the capsule, it did not prove possible to isolate a portion of capsule 
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1 Rapidly-ada Fair Good 2 
Slowly-adapti Good Not examined — 2 
3 Slowly-adapting* Fair Good 8 
4 Rapidly-adapti No nerve elements Good — — 
| 5 Slowly-adapti Good | 2 4 
4 y-adapting Good Good 6 1 _ — 1 
* Slowly-adapting No nerve elements Good — — 
» Slowly-adapting* Fair Good 1 2 
9 Slowly-adapting No nerve elements Good 
10 Slowly-adapting* Fair Not examined 
Blowly-adapting* Poor Poor 13 2 
18 Slowly-adapting Fair Fair 7 2 
Rapidly-adapting* Poor Poor tl 1 
Blowly-adapting Good 2 2 
} sized the sensory unit whove response had. been analysed. In the other e ts there is a 
ity that the sensory unit was not included in the portion of capsule removed. , due to poor staining, 
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containing only the single sensory unit whose discharge was being studied; 
each specimen of capsule usually contained several units. In some cases, if 
localization was not very precise, or when isolation of the piece of capsule 
containing the sensory unit had been only partially completed before the 
supplying nerve was severed, it was necessary to remove a larger piece of 
capsule to ensure that the unit, whose response had been analysed, was con- 
tained in it. These larger pieces contained correspondingly larger numbers 
of sensory units, e.g. Expts. 11 and 12, Asterisks are used to indicate the 
experiments where it was considered certain that the unit, whose response had 
been analysed, was contained in the portion of capsule removed. In the other 
experiments there was just the possibility that the sensory unit was not 
included in the portion removed. 


the histological features of the sensory units 


Staining of receptors Types of sensory unit present 


arising in In specimen control > Lamel- Tendon Muscle Unclas- 


was difficult a query has been set before the appropriate figure. 


In two experiments a sensory unit was found which was so poorly stained 


that definite classification was difficult, but it more closely resembled one type 


than the others. These units are entered in the table under the type they most 
closely resembled, but with a question mark before the appropriate figure. In 
four experiments, axons were seen to terminate in what were almost certainly 
sensory units, but these were either so poorly stained, or were embedded in 
such densely stained fibrous tissue, that identification of type was impossible ; 
these units are entered in the table but not classified, 

The specimens of capsule were usually small enough for the gold impreg- 
nation to be fairly uniform throughout. If nerve elements were present there 
was never the slightest difficulty in identifying them, even though the 
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receptors were poorly impregnated. Probably the dense connective tissue, 
in which the capsular sensory units were embedded, reduced the degree of 
penetration of the gold chloride; this may also account for the variations in 
the degree of impregnation of different receptors. It is possible that when the 
portion of capsule removed was larger than usual a few receptors were not 
stained and were therefore missed altogether in the examination. It is almost 
certain, however, that in the other cases no receptors failed completely to 
take up the gold chloride, and, since each piece of tissue was examined 
repeatedly, it is unlikely that any receptors escaped observation. It may, 
therefore, be assumed that with the possible exceptions of Expts. 11 and 12 
ALL the sensory units within the specimen of capsule removed were found 
and classified in the appropriate columns of the table. 

In three experiments (nos. 4, 7 and 9) no nerve elements were found in the 
specimen. Since the staining of the motor end-plates in the control piece of 
muscle was good in all three cases, it is certain that there were, in fact, no 
nerve-fibres or receptors in these specimens. In all three experiments there 
was, from the outset, some doubt about the presence in the tissue removed of 
the sensory unit responsible for the recorded discharge. This is indicated by 
the absence of the asterisk in the table. The sensory units are therefore not so 
widely distributed that any small portion of capsular tissue is likely to contain 
some of them. This adds significance to the cases in which sensory units were 
found where they were expected. 

In every experiment, other than those just considered, where a slowly- 
adapting response had been recorded, a sensory unit of the spray type, or else 
one which could not be definitely classified, was present in the piece of capsule 
removed. In one experiment (no. 10), where a slowly-adapting response was 
obtained, the tissue examined contained only one sensory unit. This unit is 
shown in PI. 2, fig. 4, and it is of the spray type. The discharge from this piece 
of tissue showed the usual characteristics of a slowly-adapting response. The 
relationship between the position of the knee-joint and the steady, adapted, 
frequency of discharge in each position is shown in Text-fig. 2. 

In both the experiments in which a rapidly-adapting discharge had been 
definitely localized to the piece of capsule removed (Expts. 1 and 14), definite 
classification of the sensory units present in the specimen was not possible 
since the receptors were not well impregnated. In Expt. 14, however, there 
was a receptor similar to those of the lamellated type. An attempt to isolate 
it by further dissection damaged the receptor so that the final appearance was 
less convincing than that in the earlier stages of dissection, and photographic 
reproduction was not possible. This receptor, however, definitely did not 
belong to the spray type. 

In Expt. 5, where the discharge ienteded was slowly-adapting, the excised 
portion of capsule had attached part of one of the cruciate ligaments and a few 
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fibres of the popliteus muscle. The capsule proper contained one sensory unit 
probably of the spray type. There were two tendon-organs of Golgi in the 
ligament, and the muscle contained four muscle-spindles. Since it is known 
that the posterior articular nerve to the knee-joint does not supply the popliteus 
muscle (Gardner, 1944, 1948), the recorded discharge cannot have come from 
the muscle-spindles. The discharge may, however, have arisen in one of the 
tendon-organs. 


aud 


' 
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Text-fig. 2. Expt. 10. The relationship between the position of the knee-joint and the frequency 
of the impulses in the slowly-adapting discharge. This discharge was localized to a piece of 
capsule which was subsequently found to contain only the sensory unit shown in PI. 2, fig. 4- 
(Prep. 93.) 


DISCUSSION 


The results show that there are two distinct types of sensory unit in the fibrous 
layer of the joint-capsule, a spray type and a lamellated type. The spray type 
is responsible for the slowly-adapting discharges in the posterior articular nerve 
to the knee-joint. This is clear from Table 2, which shows that in all experi- 
ments in which a slowly-adapting discharge was definitely localized to the 
piece of capsule removed, at least one sensory unit of spray type, or one which 
was not classified as such but might have been of spray type, was present in 
the specimen (Expts. 2, 3, 5, 8, 10 and 12). In two of these ere the 
31- 


& 22 
a 20 
18 
16 
14 
124 | 


434 I. A. BOYD 


spray type of unit was the only type present (Expts. 3 and 10). In Expt. 10, 
where there was only a single sensory unit of spray type in the tissue removed, 
the graph of adapted impulse-frequency against position of the joint was 
typical of the slowly-adapting type of discharge (Text-fig. 2). 

The lamellated sensory units are much less numerous than the spray type; 
the rapidly-adapting discharges are also much less frequently encountered 
than the slowly-adapting ones. When a rapidly-adapting discharge was 
localized to the piece of capsule removed (Expts. 1 and 14), no sensory units 
of spray type were found histologically (Table 2), and in Expt. 14 one sensory 
unit only was found and this was probably of lamellated type. In addition, 
the lamellated receptors bear a certain resemblance to Pacinian corpuscles, 
and Pacinian corpuscles are known to give rise to rapidly-adapting discharges 
(Gray & Malcolm, 1950; Gray & Matthews, 1951). Since only two distinct 
types of sensory unit have been found, and it has been shown that the spray 
type is responsible for the slowly-adapting discharges, it seems reasonable to 
attribute the rapidly-adapting discharges to the lamellated type. 

The spray receptors described in this paper probably correspond to the 
Ruffini endings which Gardner (1944), Samuel (1948) and Sfameni (1902) 
found in the fibrous capsule of the knee-joint. These workers do not show 
photographs which demonstrate the detailed structure of the endings. 
Gardner’s description of the distribution, appearance and dimensions of the 


‘typical Ruffini endings’ is in close agreement with the observations described : 


here. His diagram shows that the structure is similar. Samuel described 
endings which are similar in appearance to Ruffini endings, but his. statement 
that such endings occur infrequently is not in agreement with the present 
findings. Sfameni shows diagrams of nerve-endings similar in appearance to 
the spray receptors shown in Pls. 1 and 2, but the dimensions in text and 
diagrams are not in agreement with one another. 

The lamellated receptors may correspond to the ‘simple Pacinian oe 
referred to by Rauber (1874) and by Hagen-Torn (1882). On no occasion, 
however, has a ‘true’ Pacinian corpuscle been found in the capsular tissue 
examined in the present work. This finding is in agreement with the conclu- 
sions of Sfameni (1902), Gardner (1944) and Samuel (1948). It is difficult to 
believe that anything as large as a true Pacinian corpuscle (1-4 mm long, 
1—2 mm broad) could have escaped observation. It may be that the ‘Pacinian 
corpuscles’ described by Cruveilhier (1841), KGlliker (1868) and Hénoeque 
(1869) were, in fact, smaller than ‘true’ Pacinian corpuscles and correspond 
to the lamellated receptors described in this paper. 


Krause (1874) described ‘end-bulbs’ in the synovial membrane of human ; 


interphalangeal joints. Rauber (1874) stated that these end-bulbs were in the 
fibrous capsule and not in the synovial membrane. The descriptions and 
illustrations of Krause end-bulbs in the literature are many and varied 
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(e.g. Schafer, 1912). Some diagrams resemble the spray receptor of Pl. 2, 
fig. 1; others are similar to the receptors of the lamellated class shown in PI. 3. 
It is possible that the classification of receptors into spray or lamellated types 
adopted here applies to all joints, though there may be considerable variation 
in the detailed structure of the receptors within each class from joint to joint 
or species to species. 

On several occasions a fibre was seen to divide dichotomously many times 
until the resultant fine branches could not be traced any further in the pre- 
paration. This type of nerve-ending is usually referred to as a ‘free’ ending as 
distinct from an ‘organized’ ending. Most of the ‘free’ endings encountered 
were in the fatty tissue of the capsule, and few were found in the isolated 
portions of fibrous capsule removed in the experiments. It is unlikely that 
any ‘free’ nerve-endings were responsible for the discharges recorded from the 
posterior articular nerve. Such a possibility has not been considered in the 
interpretation of the results given in this paper. 

The ends of divided myelinated fibres were often tapered or swollen so that 
the existence of globular or club-shaped endings as definite entities is therefore 
doubtful (cf. those described by Samuel, 1948). 

Gardner (1944) has shown that the posterior articular nerve contains a large 
group of non-myelinated fibres of diameters less than 2, a large group of 
myelinated fibres of diameters between 2 and 10, and a small group of fibres 
between 10;and 16. The non-myelinated fibres in the nerve are concerned 
principally with the innervation of blood vessels in the capsule, and some others 
form ‘free’ endings (Gardner, 1944; Samuel, 1948). The afferent fibres from 
both.the spray and the lamellated sensory units in the capsule have diameters 
of the order of 6. It is likely that these fibres form the large group of myeli- 
nated axons less than about 10, in diameter in the articular nerve. This 
leaves still unaccounted for the small group of larger fibres. The finding of 
tendon-organs of Golgi within a cruciate ligament (Table 2, Expt. 5; Pl. 2, 
fig. 3), with afferent fibres of diameter 12, suggests that the large fibres in 
the nerve may innervate tendon-organs within the ligaments of the knee- 
joint. Further, in Expt. 5, the discharge recorded from the articular nerve 
was slowly-adapting in type and could have arisen in one of the tendon-organs 
in the specimen. Andrew (1954) described typical Golgi tendon-organs in the 
medial ligament of the knee-joint of the cat; he also recorded afferent dis- 
charges from the medial articular nerve which supplies this ligament, and the 
only large-fibre discharge obtained was slowly-adapting and similar to the 
slowly-adapting discharges in the posterior articular nerve (Andrew, 1953). 

Basically, the structure of the capsular spray (or Ruffini) sensory unit and 
the tendon spray (or Golgi) sensory unit is very similar. Each consists of 
a number of fine sprays supplied by one axon. In the Ruffini type, these sprays 
are orientated in three dimensions, and in the Golgi type the sprays are 
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arranged like plaques side by side on the tendon slip, forming a more compact 
unit. It seems probable that both types give rise to similar slowly-adapting 
discharges. It may be that the Golgi sprays are designed to respond to longi- 
tudinal extension of fibres in tendon or in ligament, whereas the Ruffini sprays 
respond to the more complex deformations occurring in a joint-capsule. 

The Golgi sensory units in muscle tendons (B-organs of Matthews, 1933) 
give rise to slowly-adapting discharges of the same range of impulse-frequency 
as the slowly-adapting discharges from the capsular spray units. Both types 
of unit show, when the tension on the unit is varied, a greater change in 
impulse-frequency than that necessary to reach the value appropriate to the 
new conditions. This ‘exaggeration’ in response is less marked with the tendon 
units than with the capsular units. The flower-spray sensory units in muscle- 
spindles (Al organs), however, discharge with greater impulse-frequency, and 
show much greater exaggeration in frequency, when the tension on the spindle 
is varied, than do either the spray sensory units in tendons or the spray units 
in the joint-capsule; the flower-spray units are also histologically similar, in 
many ways, to the other types of spray unit. The differences in the responses 
of these various spray sensory units may be due to differences in the physical 
nature of the tissues in which they lie, e.g. tendons, joint-capsules and intra- 
fusal muscle fibres. It is suggested that the morphologically similar sensory 
units of spray type in the fibrous capsule of joints, in periosteum, in ligaments, 
in muscle tendons and in muscle-spindles, are also functionally similar. They 
form a series graded in size from the small capsular units to the large units 
in muscle tendons. Any differences in detailed structure or in physiological 
response can be attributed to their anatomical relation to their auxiliary 
structures. 

SUMMARY 

1. Using the Gairns (1930) gold chloride technique, two types of sensory 
unit have been demonstrated in the posterior part of the capsule of the knee- 
joint of the cat, a ‘spray’ type and a ‘lamellated’ type. 

2. By obtaining a single-fibre discharge from the posterior articular nerve 
and, while still recording the discharge, excising the particular area of capsule 
containing the sensory unit responsible for the discharge, it has been possible 
to correlate the structure of the sensory units with their physiological 
response. 

3. The sensory units of spray type consist of a number of sprays supplied 
by a single axon, and are situated in the fibrous layer of the joint-capsule; 
they are undoubtedly the ‘typical Ruffini endings’ described by Gardner 
(1944). They are definitely responsible for the slowly-adapting discharges in 
the posterior articular nerve. 

*4. The lamellated sensory units, which also lie in the fibrous capsule, are 
much scarcer than the spray type. They consist of one or more receptors 
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supplied by a single axon. These receptors are double the length of the spray 
receptors, but are very much smaller, and relatively more elongated, than 
Pacinian corpuscles. The lamellated type of sensory unit is almost certainly 
responsible for the rapidly-adapting discharges in the posterior articular nerve. 

5. It is doubtful if other types of organized nerve-ending exist in the 
capsule, but some free nerve-endings are present. On one occasion tendon- 
organs were found in a cruciate ligament. 


6. It is suggested that the larger fibres in the articular nerve innervate 
tendon-organs in the ligaments of the joint, and that the response of these is 
similar to the response of the spray sensory units in the capsule. The possibility 
is discussed that the capsular spray units, the sensory units of spray type 
(tendon-organs) in ligaments and tendons, and the flower-spray units in 
muscle-spindles form a series of sensory units, graded in size, which are all 
basically similar both in structure and in function. 


It is a pleasure to thank Prof. R. C. Garry for his interest in this work and helpful criticism of 
this paper. I wish also to thank Dr T. D. M. Roberts for suggesting the approach to this problem 
and for advice and guidance throughout. The Carnegie Trust for the Universities of Scotland bore 
the initial cost of much of the neurophysiological equipment, and the Rankin Medical Research 
Fund of the University of Glasgow defrayed current expenses. I am also indebted to Dr H. 8. D. 
Garven and Mr F. W. Gairns for their advice on the histological aspect of the work. 
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EXPLANATION OF PLATES 
1 


Fig. 1. A nerve trunk, in the fibrous layer of the capsule of the knee-joint of the cat, giving rise 
to a single axon which ends in a sensory unit of the spray type. (Gold chloride.) 

Fig. 2. The sensory unit outlined in fig. 1 at greater magnification. Note the three sprays arising 
from branches of a single axon. (Gold chloride.) 

Fig. 3. A sensory unit of spray type in the fibrous layer of the capsule of the knee-joint of the cat- 
The unit consists of two sprays, indicated by the arrows, supplied by branches from a single 
axon. (Gold chloride.) 

Fig. 4. A sensory unit in the fibrous capsule, consisting of a number of sprays. (Gold chloride.) 


Pirate 2 


Fig. 1. A single receptor of the spray type, from the fibrous capsule, at high magnification. The 
spray is surrounded by several layers of cells forming a capsule. (Gold chloride.) 

Fig. 2. A photodiagram of one of the sprays of the sensory unit shown in Pl. 1, fig. 2; the detailed 
structure of the spray can be clearly seen. The parts of the spray not in focus in the plane of 
Pl. 1, fig. 2 have been superimposed on the original photograph. 

Fig. 3. A Golgi tendon-organ from one of the cruciate ligaments of the knee-joint of the cat. 
Note that it is much larger than the spray sensory units in the joint-capsule; the magnifi- 
cation is the same as in PI. 1, fig. 3. (Gold chloride.) 

Fig. 4. A sensory unit of the spray type found in the specimen of capsule removed in Expt. 10. 
This was the only sensory unit present. The relationship of impulse-frequency to position of 
the joint for this unit is shown in Text-fig. 2. (Gold chloride.) 


PLaTE 3 


Fig. 1. A lamellated receptor isolated from the fibrous layer of the capsule of the knee-joint of 
the cat. Note the central portion with its curved, knob-like termination, the surrounding 
finely granular layer, and the layers of cells ensheathing the whole receptor. (Gold chloride.) 

Fig. 2. A lamellated receptor from the fibrous capsule, showing the same features as does the 
receptor in Pi. 3, fig. 1. Note the thinning of the axon as it enters the receptor. (Gold 
hloride.) 

Fig. 3. A lamellated receptor from the fibrous capsule; the nuclei of the layers of cells forming the 
capsule round the receptor can be clearly seen. (Gold chloride.) 

Fig. 4. A lamellated receptor from the fibrous capsule; a small bud (indicated by the arrow), of 
similar appearance to the receptor, can be seen attached to its base. (Gold chloride.) 


1 

: renforcent les articulations. Arch. ital. Biol. 38, 49-101. 
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ANTICHOLINESTERASES IN THE HEART- 
LUNG PREPARATION 


By J. H. BURN anv J. M. WALKER 
From the Department of Pharmacology, University of Oxford 
(Received 7 December 1953) 


In 1949 Biilbring & Burn showed that the activity of the isolated auricles of 
the rabbit was related to the synthesis of acetylcholine. They observed that 
the spontaneous contractions of the auricles ceased at the end of 24-30 hr, but 
were resumed if acetylcholine (ACh) was added to the bath, They determined 
the choline acetylase activity of the auricles and found that it was high 
initially, was low when the auricles ceased to beat, and became high again 
when the beat was resumed. Further evidence bearing on the view that ACh 
controls the initiation and conduction of the contractions has been provided 
by Burn & Kottegoda (1953) who have studied the effect of eserine on the 
auricles, by Biilbring, Kottegoda & Shelley (1954) who have studied the effect 
of eserine on the cholinesterase in the auricles, and by Briscoe & Burn (1954) 
who have studied the action of other anticholinesterases and of quinidine on 


the auricles. 


Low concentrations of eserine usually slowed the rate of the auricles, but in 


_ about one-quarter of the trials they increased it. Higher concentrations always 


slowed the rate, and concentrations between 10~* and 10-* g/ml. arrested the 
beat. Low concentrations increased the amplitude, and higher ones increased 
it more. Concentrations above 10~ g/ml. diminished the amplitude. 

We have now investigated the action of anticholinesterases in the Starling 


heart-lung preparation of the dog to determine their effect in conditions much 
_ closer to those existing in the body. 


In this preparation the vagus nerves are cut and the central nervous system 
is excluded so that no impulses reach the heart by way of the sympathetic 
nerves. The heart rate is therefore determined by the pacemaker free from 
reflex and central control. 


METHODS 
The preparation was made in the usual way with heparin as anticoagulant ; blood from the first dog 
was collected under ether anaesthesia while the preparation in the second dog was usually set up 
under chloralose anaesthesia. Since the blood circulating in the heart-lung preparation was mostly 
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taken from the first dog, it contained little chloralose, and in some preparations which were made 
entirely under ether it contained none. A record of the outflow was obtained in each experiment 
by the use of Stephenson’s recorder (1948). The heart-rate was counted by two observers, counting 
for 30 sec. 


RESULTS 
The action of eserine. Injections of adrenaline were given to the dog used to 
supply blood to assist in the process of exsanguination. This blood was placed 
in the venous reservoir and began to circulate through the heart-lung prepara- 
tion when this was complete. The heart rate was therefore high at first and fell 


100 
80 + 
t t 
Spg 10 yg 
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L j i 
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Fig. 1. Heart-lung preparation. The record shows the effect of adding eserine sulphate to the 
reservoir of blood so that the concentration was 1-5 x 10-*m. The rate fell to 30/min. When 
5 and 10 yg atropine sulphate was injected, the rate returned to about the initial value. 


reached a steady level. At this point eserine sulphate was added to the venous 
reservoir. In most of the experiments the amount added was 1-0 mg/l. of 
blood, the resulting concentration being 1 x 10-* g/ml. or 3 x 10-*m. The effect 
(see Fig. 1) was to produce a fall in the heart rate which was fairly steep, the 
lowest point being reached in times which varied from 5 to 14 min, the mean 
period being 11 min. The results of eight experiments are given in Table 1, 
in the order in which they were carried out. In Expt. 1 a five times higher 
concentration of eserine was used, and the rate fell precipitously to 32/min. 


Bs 


gradually while the adrenaline was being destroyed; after 20-30 min the rate 
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In Expt. 3 no time is given for the fall, because the concentration stated was 
reached by adding the eserine at intervals of 12-20 min, so that the reduction 
of heart rate was more gradual. The mean effect of the concentration 3 x 10-*m 
in the seven experiments was to reduce the rate to 67% of the initial value. 


TaBiz 1. Effect of eserine on heart-rate 


Heart-rate Lowest 
Concentration A — tateas% Time of 
Expt. of eserine r Initial Lowest of initial fall (min) 
1 1-5 x 10-*m 34:5 118 32 27 7 
2 3x 10-*m 34:5 124 62 50 ll 
3 3x 10-*m 370 122 74 60 
4 3x10-*mu 37-0 134 112 83 13 
5 3x10-*mu 37-0 168 98 58 5 
6 3x10-*m 37-6 148 92 62 14 
7 3x 10-*m 37-0 147 125 85 14 
8 3x 10-*m 36-9 133 96 72 9 
Mean (Expts. 2-8) 67 ll 


In experiments in which observations were made on the cardiac output, 
there was a suggestion that the earliest effect of eserine was to increase it. 
Thus in one experiment it was increased from 660 to 684 ml./min, and in 
another from 540 to 570 ml./min. These increases were brief and the output 
fell as soon as there was a conspicuous fall in the rate. We therefore propose 
to study the effect of eserine on the output when the rate is kept constant. 

The action of atropine. The fall of rate caused by eserine was always reversed 
by the injection of amounts of atropine sulphate from 10 to 20 ug, as shown 
in Fig. 1, and the rate returned to not much less than the initial value. Thus 
in Expt. 2, the injection of 10 wg atropine restored the rate from 61 to 113/min, 
and the rate was then not reduced by further additions of eserine. The injec- 
tion of ACh in amounts down to 1 yg, however, still produced slowing of the 
rate; naturally, the effect of the ACh was greatly augmented by the eserine 
in the circulation. In Expt. 3, the heart rate fell from 122 to 74 in the presence 
of 3 x 10-*m eserine; the injection of 10 yg atropine raised the rate to 112, and 
a further amount of 20 yg raised it to 120, so that the effect of the eserine 
was completely abolished. However, even the injection of a total of 0-25 mg 
atropine did not abolish the effect of 4 wg ACh, though it was reduced. 

The effect of hexamethonium. The slowing of the rate caused by eserine 
appeared to be explained by its anticholinesterase action, since the slowing 
was exerted by a concentration as low as 10-*m. From this it could be deduced 
that the slowing indicated a diminished rate of destruction of ACh produced 
somewhere in the heart. One place at which ACh might be produced is at the 
(preganglionic) endings of the vagal nerves, and this was first tested by deter- 
mining the action of hexamethonium, since this substance blocks the trans- 
mission of impulses at the vagal ganglia. In the anaesthetized dog, the 
injection of 0-5 mg/kg is sufficient to prevent vagal conduction (Wien & Mason, 
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1951), and we therefore injected 5 mg hexamethonium in a heart-lung pre- 
paration, in which 1 |. of blood was in circulation. The result is illustrated in 
Fig. 2. Vagal stimulation with an induction coil slowed the heart when the 
secondary coil was at 20 cm before the hexamethonium was given, but failed 
to do so with the coil at 15 cm afterwards. However, when eserine was added 
to the reservoir to make a concentration of 3 x 10-*m, the heart rate fell from 
140 to 100/min in 10 min. This result indicated that the effect of eserine was 
not modified by hexamethonium when given in sufficient amount to block 
transmission of vagal impulses; moreover, this block was still present when 
eserine had exerted its full effect. 


15mg 
Vo 10mg ©6 
80 C6 
L L i 
0 20 40 60 80 100 
Time (min) 


Fig. 2. Record as in Fig. 1. The right vagus was stimulated with resulting slowing of the rate 
at V+. 5 mg hexamethonium was then given. Vagal stimulation (V,) was then ineffective. 
Eserine (3 x 10-*m) then caused a fall in the rate. The rate rose in steps when successive 
injection of 10 mg and of 15 mg hexamethonium were given and finally 10 yg atropine. 


The graph in Fig. 2 shows that when 10 mg hexamethonium was injected 
after the rate was slowed, the rate then rose slightly, and rose again when 
a further 15 mg was given. The effect of these large amounts was similar to, 
though smaller than, the effect of 10 wg atropine, which restored the original 
rate. Since it is well known that another ganglion-blocking agent, methan- 
theline, has an atropine-like action, it seemed possible that hexamethonium 
also had some atropine-like action, though less than one-thousandth of that 
of atropine itself. This suggestion was supported by the observation that in 
a second experiment in which a total of 30 mg hexamethonium was injected 
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at the beginning, the heart rate rose from 150 to 156/min as it would have done 
if a small dose of atropine had been injected, and the effect of eserine when 
added was found to be small. Thus a concentration of 3 x 10-*m reduced the 
rate from 156 only to 140/min, and the rate returned in 14 min to 148/min. 
When the concentration of eserine was raised to 1-2 x 10-5m, the rate was 
reduced further but only to 136/min. In the presence of the large amount of 
30 mg hexamethonium/L., the effect of eserine was therefore greatly diminished, 
as it is by a small amount of atropine. 

Hexamethonium is also a weak inhibitor of cholinesterase (Kensler & Elsner, 
1951) and it may be that it diminished the anticholinesterase action of 
eserine. 

Hexamethonium, eserine and nicotine. Two incidental observations were 
made in the course of these experiments. The first concerned the interaction 
of hexamethonium and eserine. The injection of 20 mg hexamethonium was 
found to abolish the action of 5 mg nicotine acid tartrate. However, when 
30 mg hexamethonium was given, and was followed by eserine in concentration 
1-2 x 10-*m, the injection of 5 mg nicotine acid tartrate caused inhibition. It 
seemed that the presence of the eserine enabled the ganglion cells to respond 
to nicotine in spite of the 30 mg hexamethonium which had been injected; in 
other words, eserine relieved the hexamethonium block. Another possibility 
is that in the presence of hexamethonium, nicotine still exerted a slight but 
undetected action on the vagal ganglia, and that the previously subeffective 
amounts of ACh thus liberated at the post-ganglionic endings became effective 
in the presence of eserine. 

The second observation concerned an action of nicotine which velatiibiled 


that of eserine. Since nicotine stimulates receptors sensitive to ACh, it is 


likely to have some power to combine with, and therefore inhibit, cholin- 
esterase. In the experiment in which 20 mg hexamethonium was injected and 
in which 5 mg nicotine acid tartrate was then found to be inactive, a further 
injection of 10 mg nicotine acid tartrate was made, the total of nicotine acid 
tartrate present in a volume of 700 ml. then being 18-4 mg. This last injection 
caused a slow drop in the heart rate from 142 to 116 in 6 min, and the rate 
was maintained at the low level. The inhibitory effect of 1 »g ACh was then 


\ greater than before the large dose of nicotine was given. Thus it appeared that 


the large amount of nicotine had had an eserine-like effect. 
Section of the vagi. To investigate further the part played by the vagi in the 
slowing of the heart rate by eserine, experiments were carried out on a series 


of dogs in which both vagi were divided in an aseptic operation carried out 


four days before the heart-lung preparation was made. We found that when 
the vagus was divided, stimulation of the peripheral end caused cardiac 


inhibition after 24, 49 and 72 hr, but not after 96 hr. We had expected that 
when the heart-lung preparation was made in these dogs, the rate would be 
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greater than that in normal dogs, but we found that it was slower. When the 
rate became steady, we found that the mean value in twenty-four experiments 
on normal dogs at 36-37° C was 144/min, while in five experiments on dogs 
in which the vagi were cut it was 106/min. All figures for normal dogs were 
higher than 130/min except two which were 126 and 122 respectively. The 
figures for the dogs with cut vagi are given in Table 2; they were all lower than 
those for normal dogs. The difference was highly significant (P < 0-001). 


TasLz 2. Effect of eserine on heart rate of dogs with 


vagi cut 4 days previously 
Heart rate Lowest Time of 
Concentration A Tate as % fall 
Expt. of eserine Initial Lowest of (min) 
9 3x10-*m 84 69 82 15 
18 x10-*m 33 39 4 
10 3x10-*m 118 100 84 13 
1-2x10-*m 90 76 16 
3-9 x 10-*u 76 64 26 
ll 3x 10-*m 120 77 64 14 
12* 3x10-*m 108 80 74 12 
13 3x10-*u 102 74 72 ll 


* Vagi cut 3 days before. 


The action of eserine was found to be similar in these dogs to that in normal 
dogs. The mean effect of the concentration 3 x 10-*m was to reduce the rate 
to 75% of the initial rate in a mean time of 13 min, as compared with 67% 
in 11 min for normal dogs. These observations together with those when 
hexamethonium was used showed that the action of eserine was independent 
of the preganglionic vagal fibres. 

Action of neostigmine and other anticholinesterases. The effect of neostigmine 
was determined in two experiments, in each of which concentrations of 10-*u 
and 4 x 10-*m caused a fall in the heart rate similar to that caused by eserine. 
The changes in rate are given in Table 3. In the first of the experiments, a still 
higher concentration, 1-3 x 10-'m, caused the heart rate to rise from 92 to 100, 
and a concentration of 4 x 10-°m caused it to rise further to 120/min. Briscoe & 
Burn (1954) have made similar observations with neostigmine on the isolated 
auricles, finding that concentrations up to 10-5m caused slowing of the rate, 
but that higher concentrations raised the rate, neostigmine being thus different 
from eserine. 

The effect of Nu 683, which is the dimethylearbamate of (2-hydroxy-5- 
phenylbenzyl)-trimethylammonium bromide, was also determined. This 
substance was shown by Hawkins & Gunter (1946) to be a highly specific 
inhibitor of pseudo-cholinesterase. In a concentration of 4x 10-*m it caused 
the heart rate to fall from 148 to 112/min. Thereafter the addition of eserine 
even when its concentration was 1-3 x 10-'m had little effect, the rate not 
falling below 100/min. | 
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The compound Nu 1250, which is the N-p-chlorophenyl-N-methyl-carba- 
mate of m-hydroxyphenyltrimethylammonium bromide was tested in a 
concentration of 3 x 10-*m. This caused the rate to fall from 136 to 100/min. 


- When the concentration was raised to 9x 10-*m, the rate rose to 104/min. 


Nu 1250 was shown by Hawkins & Mendel (1949) to act preferably on true 
cholinesterase, but it is less specific than 284.C.51, the dimethobromide of 
1 : 5-di(p-N-allyl-N-methylaminophenyl)-pentan-3-one, the properties of 
which were described by Austin & Berry (1953). This substance was tested in 
two heart-lung preparations, in one of which it caused no change in rate in 
concentrations 10-*m and 4x10-*m; the addition of neostigmine to the 
reservoir was then followed by a fall from 144 to 128/min. The fall due to 
neostigmine was small, and the action of neostigmine appeared to have been 
reduced by the other compound. In the second heart-lung preparation, a con- 
centration of 10-*m of the substance 284.C.51 caused a fall in rate from 166 — 
to 150/min at which point the rate persisted. A further addition to make the 
concentration 4 x 10-* caused the rate to rise to 165/min, and a still further 
addition to a concentration of 1-3 x 10-'m had no effect. When eserine was 
added subsequently its action was reduced. Thus an eserine concentration of 
3x 10-*m reduced the rate only from 166 to 142, and larger concentrations 
were inactive, 
' Taswz 3. Effect of anticholinesterases on heart rate 


Heart-rate 
A 20 of 
Expt. Substance Concentration Initial Lowest 
14 Neostigmine 10-*m 150 112 75 
Neostigmine 4x10-*m 92 61 
15 Nu 683 4x10-*m 148 112 75 
16 Nu 1250 3 x 10-*m 136 100 73 
17 284.C.51 10-*m 166 150 90 
18 284.C.51 3 x 10-*m 144 144 100 
19 DFP 3x 10-*m 140 130 93 
DFP 9x10-*m _ 118 84 
20 DFP 3 x10-*m 126 124 98 
DFP 9 x 10-*m 122 97 
21 DFP 1-2 x 10-*m 136 114 84 
22 E600 3 x 10-*m 162 148 91 
E600 6 x 10-*m _ 134 82 
E600 9x 10-* 124 76 
E600 1-2 x 10-*u ~~ 118 72 


In Expts. 14, 16 and 17 higher concentrations caused a rise. In Expt. 21, lower concentrations 
were inactive. 


The organic phosphates. Three experiments were carried out with DFP 
(ditsopropylfluorophosphonate) with somewhat different results. In the first, 
which was a preparation made under chloralose, the lower concentrations had 
no effect on the heart rate, and higher concentrations caused only a small fall. 
The result is shown in Table 3, Expt. 21. The addition of DFP, however, was 
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unlike the addition of the substances just considered in making the preparation 
insensitive to eserine, for the large amount of 25mg DFP present in the 
circulation, made the preparation very sensitive to eserine, a concentration of 
3x 10-*m decreasing the rate from 110 to 40/min in 10 min. 

In the second experiment (Expt. 19), when the preparation was made under 
ether, concentrations of 3x 10-*m and of 9x 10-*m DFP reduced the heart 
rate from 140/min to 130 and to 118/min respectively. When 50 yg atropine 
was injected the rate rose again to 130/min. 

In the third experiment (Expt. 20), in which the preparation was also made 
under ether, small concentrations of DFP (3 x 10-*m and later 9 x 10-*m) did 
not decrease the rate, while a subsequent addition of eserine produced the 
usual fall. 

One experiment was carried out with the substance paraoxan or E600 
(diethyl-p-nitrophenyl phosphate). A quantity of 0-7 mg was added to 700 ml. 
blood at intervals. The initial rate was 162/min, and each addition decreased 
it to 148, 134, 124, 118/min. A further addition beyond these had no further 
effect. The injection of 20 yg atropine restored the rate to 152/min. 

Cardiac irregularity and ACh. In the course of the work some observations 
were made of the effect of ACh on irregularities of rhythm. In one preparation 
the ventricle was beating at half the auricular rate, continuing to do so for 
15 min. An injection of 4 »g ACh was made into the cannula in the superior 
vena cava; this produced a powerful ventricular contraction and after 10 sec 
the block disappeared. The cardiac output promptly rose. The changes are 
shown in Fig. 3. 

In other experiments a different effect of ACh was observed when the blood 
contained eserine, and the heart rate was slow. An injection of ACh then 
caused a fall in the output, but in addition it caused irregularities in the rate. 
The effect is illustrated in Fig. 4, in which the heart rate was 72/min in the 
presence of 4x10-*m eserine. The injection of 0-1 wg and of 0-2 wg ACh 
caused the irregularities seen on the blood pressure and output records. 

Effect of atropyne and hexamethonium on ACh. In the course of our obser- 
vations we determined the effect of small doses of atropine on ACh and vagus 
stimulation. In Fig. 5 is shown (a) the fall in output caused by the injection 
of 8 wg ACh and by a weak faradic stimulus to the vagus nerve. 20 yg atropine 
was then injected, after which in (5) the effect of vagal stimulation was un- 
altered, but that of 8 ug ACh was abolished. Later the injection of a larger 
dose of ACh, 64 yg, produced the reduction of output shown in Fig. 5c. 20 mg 
hexamethonium was injected; this abolished the effect of vagal stimulation, 
but did not change that of 64 ug ACh. Thus amounts of atropine sufficient to 
abolish the inhibitory action of small amounts of ACh did not abolish that of 
the vagus, while amounts of hexamethonium sufficient to paralyse the vagus 
did not modify the action of threshold doses (0-5-2 yg) of ACh in the heart- 
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lung preparation. This point was carefully examined and confirmed in three 
other experiments. Hexamethonium does not modify the action of ACh in 
the isolated rabbit auricles (Ing, Kordik & Tudor Williams, 1952). These 
results are not in line with the observations of Perry & Talesnik (1953) who 


Fig. 3. Heart-lung preparation. Upper record is the output; lower record is the blood pressure. 
The preparation was recently set up. There was a 2:1 block (auricles 152/min, ventricles 
76/min). Injection of 4 wg ACh caused disappearance of block with rise in output. 

Fig. 4. Records as in Fig. 3. Heart-lung preparation to which eserine had been added so that the 
heart-rate was slow (72/min). The injection of 0-1 ug and then of 0-2 ug ACh caused ir- 
regularity of the heart beat shown by the spikes on the records. 


found that 6 mg hexamethonium inhibited the action of ACh in the isolated 
cat heart. Their result may be explained by a weak atropine-like action of 
hexamethonium. 
DISCUSSION 

The results show that in the heart-lung preparation where the heart-rate is 
determined locally, being free from central control, the rate was slowed by 
several anticholinesterases when acting in low concentration. Since the action 
_ Of the anticholinesterases is to retard the destruction of ACh, it follows that 
PH. OXXIV | 32 
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the slowing of the rate was due to an increased concentration of ACh which 
was being formed in the heart, and that this ACh was controlling the pace- 
maker. In support of this conclusion was the finding that the injection of 
a small amount of atropine, 10-20 yg, restored the rate to about the initial 
value. Evidence obtained in preparations from dogs in which the vagi were 
cut 4 days previously and in preparations in which hexamethonium was given 
so that vagal stimulation was ineffective, indicated that this ACh did not 
come from the preganglionic vagal nerve endings. The ACh must therefore 
originate in nerve cells in the heart, or else in non-nervous tissue. 


— 


Fig. 5. Records as Fig. 3. In (a) 8 ug acetylcholine was injected at ACh; the vagus was stimu- 
lated at S. 20 wg atropine was injected at Atr. In (6) vagus stimulation was still effective 
but the action of 8 wg acetylcholine at ACh was abolished. In (c) 64 ug acetylcholine was 
injected at ACh. 20 mg hexamethonium was injected at C.6. Vagal stimulation at S was 
then ineffective, but 64 ug acetylcholine at ACh was as active as before. 


The most effective substance for demonstrating the slowing of the rate was 
eserine, which slowed the rate to 30/min in some experiments. Neostigmine 
was also active in low concentrations, but in higher concentrations it differed 
from eserine in raising the rate. An anticholinesterase which is a specific 
inhibitor for pseudo-cholinesterase, namely Nu 683, also slowed the rate, 
while one which is a specific inhibitor for true cholinesterase, 284,C.51, did 
not. These observations suggest that it is the pseudo-cholinesterase present 
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which controls the heart rate, just as pseudo-cholinesterase controls the 
rhythmic movements of the intestine (Burn, Kordik & Mole, 1952). Biilbring 
et al. (1954) have found that the amount of pseudo-cholinesterase in rabbit 
auricles is greater than the amount of true cholinesterase, as Ord & Thompson 
(1950) found in the rat. 

The action of neostigmine, Nu 683, Nu 1250 and 284.C.51 appeared to be 
more than that of an anticholinesterase, for when any of these substances was 
present in the circulation the action of eserine was diminished or abolished. 
The action of eserine might, of course, have been diminished because the 
cholinesterase was already inhibited. This seems unlikely because in the 
presence of these substances the heart-rate remained higher than when eserine 
alone was used to reduce it. 

The action of two organic phosphates was examined, and the substance 
paraoxan (600) was found to reduce the heart rate. DFP, on the other hand, 
had surprisingly little action, and its effect was variable. In one experiment 
it slowed the rate, in a second it failed to slow the rate, while in a third it 
slowed the rate only in high concentration. In this last experiment, however, 
the preparation became very sensitive to eserine. The substance DFP is 
known to become bound to the tissues in the body which it reaches first. For 
this reason it has little effect in myasthenia gravis when given intravenously, 
but when given into an artery it restores power in the muscles supplied by the 
artery for 2-3 weeks. We think that its weakness in slowing the heart in our 
experiments is best explained by its being bound in the lungs. 

The hypothesis put forward by Biilbring & Burn (1949) concerning the 
heart beat is that it is maintained by the synthesis of ACh which initiates a 
contraction at the pacemaker when a certain concentration is reached. The 
cholinesterase present in the heart then presumably plays a somewhat similar 
part to that played by the cholinesterase at the neuromuscular junction. If 
the cholinesterase is inhibited by eserine there is an accumulation of ACh, 
which shows itself in the heart by a slowing of the rate and at the neuro- 
muscular junction by an increase in the tension developed in response to 
a stimulus to the motor nerve. The effect of applying atropine to the heart is 
to restore the rate to the initial value, though not beyond, which might appear 
curious if the normal heart beat is due to ACh formation. There is, however, 
a parallel at the neuromuscular junction, for Jaco & Wood (1944) showed that 
the injection of procaine reduced the tension developed in the presence of 
neostigmine to that observed before neostigmine was given, and that the 
amount of procaine which had this action caused no change in the normal 
contraction. Thus the action of excess of ACh due to neostigmine at the neuro- 
muscular junction is neutralized by procaine, but the procaine has no effect on 
the ACh which is responsible for the normal contraction, and similarly the 
action of excess of ACh due to eserine in the heart is neutralized by atropine, 
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but the atropine has no effect on the hypothetical ACh which is responsible 
for the normal beat. (There are, of course, circumstances in which atropine 
modifies the normal heart beat, and in which procaine modifies normal muscle 
contraction in the absence of an anticholinesterase, but these are not relevant 
here.) 

‘The action of ACh on the heart is not only concerned with the rate of 
beating. It is also concerned with irregularities of conduction, as we have 
been able to illustrate in the course of these experiments. We have found that 
the injection of 4 wg ACh removed a block at the a.v. node when the auricles 
were beating at twice the ventricular rate. We have also observed several times 
that in the presence of eserine the injection of ACh has caused irregularities. 
If ACh formation initiates the beat and controls conduction, it is not un- 
reasonable to suppose that disturbances of normal rhythm may arise either 
from deficient or excessive formation. 


SUMMARY 


1. The action of eserine, neostigmine, DFP and of other substances having 
an anticholinesterase action has been examined in the heart-lung preparation 
of the dog. 

2. When added to the blood in the reservoir in concentrations such as 
3 x 10-*m, these substances cause a slowing of the heart-rate, which falls, for 
example, to 67 % of the initial value. 

3. The results suggest that it is the inhibition of pseudo-cholinesterase 
which leads to the slowing of the rate; for instance, Nu 683, a specific inhibitor 
of pseudo-cholinesterase was active, but 284.C.51, a specific inhibitor of true 
cholinesterase was not. 

4. The rate returns to the initial value when small amounts (10-20 yg) 
atropine are injected. 

5. These results indicate that ACh is being continuously formed in the 
heart-lung preparation, and that the pacemaker is under the control of this 
ACh 


6. When the preparation is made in dogs in which the vagi are cut 4 days 
before, similar results are obtained. Hence the ACh which controls the pace- 
maker does not come from the preganglionic vagus nerve endings. 

7. Hexamethonium in large amounts does not affect the action of ACh 
when injected into the circulation of the heart-lung preparation. 
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ACUTE OEDEMA IN THE ISOLATED, PERFUSED 
LUNGS OF RABBITS 
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Acute pulmonary oedema may develop when there is an increase in pressure 
in the pulmonary circulation or in permeability of the pulmonary capillaries. 
These changes often occur together and, indeed, it is difficult to produce 
either of them by itself in experiments on animals. For instance, Drinker 
(1945) has stated that a-naphthyl thiourea (ANTU) damages the capillaries 
but, in some species at least, ANTU increases the pulmonary arterial pressure 
(Gruhzit, Peralta & Moe, 1951). Again, severe anoxia may precipitate oedema 
(Drinker, 1945), but it is not known whether it does so by interfering with 
capillary metabolism or whether the constriction of the pulmonary vessels 
which occurs in anoxia (Motley, Cournand, Werko, Himmelstein & Dresdale, 
1947; Nisell, 1950; Duke & Killick, 1952) has anything to do with the onset 
of oedema. 

Nevertheless, the evidence suggests that pulmonary hypertension by itself 
does not usually account for the onset of oedema, so that abnormal leakiness of 
the capillaries must also play a part (Cameron, 1948). Visible lesions in the 
pulmonary capillaries have been demonstrated only by Short (unpublished, 
Porton Report No. 2349, 1942) who showed that after exposure to phosgene 
the mitochondria in the capillary endothelial cells disintegrate before the 
vessels begin to leak. Hesse & Loosli (1949) induced pulmonary oedema with 
ANTU in mice, rats and dogs but saw no changes in the alveolar lining. 

Little search has been made for possible biochemical lesions which might 
be associated with acute oedema in the lungs. It is generally agreed that 
inhaled phosgene and ketene (Cameron & Neuberger, 1937) damage the 
capillary membranes by reacting with proteins and, possibly, with other 
constituents as well. Under the conditions which are likely to exist in living 
mammalian lungs, amino, hydroxyl, imidazol, and sulphydryl groups compete 
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for phosgene, which is able to react with these radicles in spite of the presence 
of water in which the gas is rapidly hydrolysed (Barron, Bartlett, Miller & 
Meyer, 1943; Potts, Simon & Gerard, 1949). 

In the isolated perfused lungs of cats injection of cyanide brings about the 
gradual development of oedema (Duke & Killick, 1952), but the metabolic 
implications of this finding are not known. 

This paper describes experiments in which substances with known bio- 
chemical actions were used to produce pulmonary oedema and this effect was 
related to biochemical changes in the lungs. Conditions were simplified as 
much as possible by using isolated lungs and perfusing them with simple 
fluids. Blood was avoided because changes which are inevitable in blood used 
for perfusion experiments may themselves damage the lungs (Daly, Eggleton, 
Elsden & Hebb, 1946). In these experiments any outpouring of fluid into the 
air spaces which was significantly faster than that which sometimes occurred 
in control lungs was called ‘oedema’. The substances used were 2:4-dinitro- 
phenol (DNP) which interferes with oxidative phosphorylation, and mercurial 
compounds, including p-chloro-mercuribenzoate (CMB) which reacts specific- 
ally with sulphydryl groups. In order to assess the effects of these substances 
on pulmonary adenosine triphosphate, analyses were made of the lungs of 
freshly killed rabbits and compared with analyses made on perfused lungs. 
In addition, a method has been devised which enables some assessment to be 
made of the distribution of phosphate compounds within the lungs. The effects 
of adrenaline, histamine and histamine-liberating substances have also been 
studied since adrenaline and histamine are apparently involved in the patho- 
genesis of some forms of acute pulmonary oedema. 


METHODS 
, Determination of phosphate compounds in whole lungs 
Rabbits weighing about 2 kg were anaesthetized with urethane and bled to death from the aorta. 
The lungs were rapidly removed and chilled in ice. Weighed samples were dispersed at 0° C for 
5 min in a blender (Folley & Watson, 1948) in 9 times their weight of ice-cold 3% (w/v) perchloric 
acid. The dispersions were centrifuged and the clear supernatants neutralized with NaOH. 


Determination of the distribution of phosphate compounds 

Chilled lungs obtained in the same way were dissected in the cold into a ‘hilar fraction’ and 
an ‘alveolar fraction’. The dissection was done by grasping the main bronchus with forceps and 
scraping away from it towards the periphery, rapidly but gently, with the blade of a pair of 
scissors. In this way, within about 3 min, the part held by the forceps came to consist of the 
bronchial and vascular trees down to branches approximately 0-5 mm in diameter. With practice 
this fraction could be made almost free of alveolar tissue;it was called the ‘hilar fraction’. The 
scrapings, called the ‘alveolar fraction’, consisted of the small bronchi, the bronchioles, the 
alveoli and the smaller blood vessels including the capillaries. 

Weighed samples of the fractions were dispersed at 0° C in 3% perchloric acid, first in a Folley & 
centrifuged and the clear supernatants neutralized with NaOH. 
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Chemical methods 

The precipitates were resuspended in water and duplicate samples of the suspensions were used 
to determine protein nitrogen by the micro-Kjeldahl method. 

All other estimations were done on the neutralized supernatant solutions, as follows: inorganic 
phosphate and ‘7-minute phosphate’ (7’ P) were determined by the method of Berenblum & 
Chain (1938). The method of Kalokar (1947) was used for determining adenosine monophosphate 
(AMP), adenosine diphosphate (ADP) and adenosine triphosphate (ATP). 

Creatine and creatine phosphate were determined according to Ennor & Rosenberg (1952). 

Perfusion methods 

The apparatus consisted of a respiration chamber to which were connected a respiration pump 

and a perfusion pump. Measurements of pressures, flow-rates, etc., were recorded on a kymograph. 


Fig. 1. The perfusion chamber. Description in text. The only openings shown 
are those for the lever and the outflow. 


The respiration chamber is shown in Fig. 1. It was made of Perspex 1:3 cm thick, and measured 
12-5 x 12-5 x 17-5 cm internally. The lid was removable. Connexions were made through the walls 
to the respiration pump, a water manometer, the tracheal cannula (see below) and the perfusion 
pump. There was an opening for a light lever, able to rotate in a vertical plane by a bearing in the 
opening. The opening was made air-tight by a thin rubber membrane. The length of the lever 
inside the chamber was 8 cm and outside the chamber, 22 cm. A perforated Perspex platform 
which supported the lungs was suspended from the end of the lever inside the chamber. The end 
outside the chamber was attached below to a sensitive extension spring and prolonged with wire 
which traced on a smoked drum. By means of this arrangement changes in weight of the lungs 
were continually recorded. The apparatus was calibrated at the end of each experiment by adding 
known weights to the platform while the lungs were still in place. The spring was found to obey 
Hooke’s law in the range of extension used. 

The bottom of the inside of the chamber was bevelled towards a central hole which was closed 
by a valve. The chamber was three-quarters immersed in a water-bath maintained at 37° C. 

A Starling respiration pump (Palmer) was arranged so that it reduced the pressure inside the 
chamber from about -1 to about -8 cm water 30 times/min. The water manometer attached 
to the chamber recorded resistance to ventilation. 

A Dale-Schuster pump was used to pump the perfusing fluids from Marriotte bottles through 
& warming coil in the water-bath into the perfusion cannula. The perfusion pressure was recorded 
by means of a bromoform manometer. 
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The rate of perfusion was measured by allowing the outflow from the left auricular appendage 
to drain through the hole in the bottom of the chamber into an outflow recorder (Stephenson, 
1949). 

The perfusion fluid was Tyrode’s solution, pH 7-4, containing (g/100 ml.) NaCl 0-8, KCl 0-02, 
CaCl, 0-02, MgCl, 0-01, NaH,PO, 0-005, NaHCO, 0-1, and glucose 0-1. It was made daily with 
freshly boiled water. In the earlier experiments it contained 3-6% (w/v) polyvinyl pyrollidone, 
and in the later experiments, 25% (v/v) sterile horse serum. 

The substances to be tested were either added to the perfusion fluid in one of the Marriotte 
bottles or injected into the rubber tubing near the chamber. 

The substances used were chloropicrin (CCI,NO,), kindly given by Dr H. Cullumbine; 2:4- 
dinitrophenol (B.D.H.); p-chloro ib te, kindly given by Prof. C. Rimington; mercuric 
chloride (A.R,, B.D.H.); histamine dihydrochloride (B.D.H.); adrenaline hydrochloride (B.D.H.); 
and compound 48/80, kindly given by Dr W. Feldberg. 

The procedure was as follows: each rabbit was anaesthetized with urethane (5 ml. of a 25% 
(w/v) solution/kg body weight injected intravenously) and heparinized. A cannula was tied into 
the trachea and the animal was bled to death from the abdominal aorta. 

A piece of rubber tubing was attached to the tracheal cannula and clipped in order to prevent 
the lungs from collapsing. The thorax was opened and the lungs and mediastinum were removed 
and weighed, The pericardium was opened and a ligature was placed loosely around the pulmonary 
trunk, The left auricular appendage was cut away. The right ventricle was opened and the per- 
fusion cannula, full to the tip with fluid, was inserted into the pulmonary trunk and tied in. 

The rubber tubing on the tracheal cannula was connected to the tracheal opening in the respira- 
tion chamber in such a way that the lungs were partially suspended from it. The lungs were 
gently settled on the perforated platform in the chamber and the lever was weighted with plasti- 
cine until the spring was slightly stretched. The clip was removed from the tracheal tubing, the lid 
of the chamber was greased and fixed on the chamber and the respiration and perfusion pumps 
were started. 

At the end of an experiment the lungs and mediastinum were weighed again. Then the lungs 
were cut off and the mediastinal parts were weighed. By difference the weight of the lungs before 
and after perfusion was obtained. 

A few perfusion experiments were done with the lungs of cats. The animals were anaesthetized 
with ether and chloralose. Otherwise the procedure was similar. 


RESULTS 


Concentration of protein nitrogen, ATP, and related 

compounds in rabbits’ lungs 
Table 1 shows the concentrations of protein N, inorganic P, 7’ P, AMP, ADP 
and ATP in the lungs of freshly killed rabbits. For comparison, the concen- 
trations of some of these swbstances in rabbits’ blood are also shown. The 
concentration of ATP was about 3 times greater in lungs than in blood. Since 
the lungs contained 0-2-0-4 ml. blood/g wet weight, it is clear that the actual 
concentration of ATP in the tissues of the lungs was greater than that shown 
in Table 1. 

The concentration of ATP in the lungs was about one-third of that in striated 
muscle (Mommaerts, 1951; Parker, 1953, personal communication) and com- 
paratively constant in the lungs of different animals. The concentration of 
ATP was almost 3 times greater than that of ADP. From the results it may 
be calculated that the acid-labile P of ADP and ATP together accounted for 
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67% of the 7’ P in lungs and for 70% in blood. The concentration of creatine 
phosphate was very small (0-14 +0-01 m/g wet weight or 8 um/g protein N). 
Therefore, as a first approximation the concentration of 7’ P was taken as an 
indication of the concentration of ATP. 


lungs and blood of freshly killed rabbits 


Concentration (mean +8. B.M.) 


No. of 
Tissue Estimation determinations (um/g protein N) (um/g wet weight) 
Lung Inorganic P 20 7143-4 1-2 +0-058 
7 P 20 237+13 40 +0-19 
AMP 20 9+1-8 0-15+0-03 
ADP 20 2643-4 0-43 + 0-056 
ATP 20 67+4-2 1:1240-071 
(um/ml.) 
Blood Inorganic P 12 i 0-9 +0-077 
7 P 12 1-45+0-142 
ADP 10 — 0-23 + 0-041 
ATP 10 — 0-39 + 0-063 


The concentration of protein N inthe lungs wa 16-90-83 mg/g wet weight (eleven determi- 


Distribution of inorganic P and 7’ P between the alveolar and 
hilar fractions of rabbits’ lungs 
Table 2 shows that the concentrations of inorganic P and 7’ P were higher 
in the hilar fraction than in the alveolar fraction. The concentration of inorganic 
P is much greater, particularly in the hilar fraction, than that given in Table 1. 
Presumably it was liberated from other compounds during the preparation of 
the two fractions. However, the extra inorganic P could not be accounted for 
by the breakdown of compounds determined as 7’ P. 


TaB_LE 2. Distribution of inorganic P and 7’ P between the alveolar and 
hilar fractions of rabbits’ lungs 


Concentration (mean + 8.E.M.) 
(uM/g protein N) in the 


No.of Alveolar Hilar 
Estimation estimations fraction — fraction 
Inorganic P 6 313436 461451 
7 P 6 169 + 14-7 232+ 15-1 


Changes in the concentrations of ATP and 
related compounds after death 
Rabbits were killed and their lungs removed in the usual way. The lungs 
were perfused with Krebs-Ringer phosphate solution for 3 min to remove the 
blood in them. They were incubated at 37°C and iomeaie samples 
were removed and analysed after 0, i and 2 hr. 
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Table 3 shows the result of two such experiments. It will be seen that in 
2 hr the concentration of ATP decreased, in one lung from 59 to 25 um/g 
protein N, and in the other from 54 to 6 um/g protein N. 


Taste 8. Changes in the concentrations of AMP, ADP and ATP in isolated rabbit lungs, 
perfused free of blood and incubated at 37° C 


Concentration in 


Expt. Estimation 0 : 2 
1 AMP 2 12 14 
ADP 15 21 17 

ATP 59 49 25 

2 AMP 34 34 29 
ADP 15 25 22 

ATP 54 18 6 

Control perfusion experiments 


When perfusion began blood was rapidly washed out of the lungs so that 
their surfaces became almost white. Occasionally, small areas remained pink, 
indicating that parts of the lungs were not perfused, probably because they 
had collapsed. At intervals during an experiment the completeness of per- 
fusion was assessed by injecting 2 ml. of 0-5°% (w/v) Evans Blue (T-1824) into 
the perfusing fluid. Satisfactory perfusion was shown by a blue ‘flush’ of the 
lungs which faded rapidly. 

In some of. the earlier experiments there was a gradual increase in the 
perfusion pressure. This could be reversed by increasing the ventilation. It 
was presumably due to incomplete distension or partial asphyxia. In satis- 
factory preparations small changes in perfusion pressure were accompanied by 
large changes in the rate of flow (Fig. 3a). 

Six lungs were perfused for 3 hr and several others for shorter periods without 
developing significant oedema. Usually the weight did not increase or, at 
most, increased by about 20%. After perfusing for 3 hr the histological 
picture was that of bloodless lungs which were normal apart from small 
patches of collapse. 


The effect of perfusing ventilated lungs 
on the concentration of ATP 3 

An attempt was made to assess the condition of perfused lungs biochemic- 
ally. The concentrations of ATP in the lungs of newly killed animals were 
compared with those in perfused lungs. 

The lungs of normal rabbits contained 240 ym 7’ P/g protein N (see Table 1). 
In three lungs, perfused and ventilated for 3 hr, the concentration of 7’ P was 
_ determined and in none was it significantly decreased (see Table 4). 


é 
* 
4 
4 
é 
> 


508 G. V. R. BORN 


Chloropicrin was added to the perfusing fluid to find out how the preparation 
would react to a substance known to cause acute oedema in whole animals. 
5x10-m produced a temporary rise in perfusion pressure followed by 
increasing resistance to ventilation and a progressively faster increase in 
weight until the lungs were. water-logged (Fig. 2). 


Fig. 2. Effects of perfusing 5 x 10-*m chloropicrin through the isolated lungs of a rabbit (male, 

2-1 kg). Initial weight of lungs 8 g. The tracings show: resistance to ventilation, R (em of 

_ water); perfusion pressure, P (mm of bromoform); weight of lungs, W (g); flow rate, F 
(ml./min); time (min); perfusion with chloropicrin began at the arrow, 

2: 4-dimitrophenol. DNP was perfused in sixteen experiments. Concen- 
trations of 10-* and 10-*m were found to have no significant effect on the lungs 
or on the concentration of 7’ P in the lungs. In one typical experiment 10-*m 
DNP was perfused for 60 min. After this time the weight had not increased and 
the concentration of 7’ P was within normal limits (270 um/g protein N). 

However, when 10-*m DNP was perfused there was a gradual decrease in 
the perfusion pressure, together with an increase in the flow-rate, and after an 
interval which varied in ten experiments from 6 to 35 min (average 19 min), 


the weight began to increase slowly. The lungs became grossly oedematous 
during the following 30 min (Fig. 3). 
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Table 4 shows the results of experiments in which lungs were perfused with 
and without DNP and the concentrations of ATP and 7’ P determined after 
stopping the perfusion. The concentrations of 7’ P expressed in relation to 
concentrations of protein N in perfused lungs were similar to those in non- 
perfused lungs (see Table 1) but in some experiments they were apparently 
higher. In these experiments there may have been a loss of protein N to the 
perfusing fluid. However, it will be seen that perfusion with 10-*m DNP 
brought. about the disappearance of ATP and marked decreases in the 
concentration of 7’ P, 


TaBie 4. The effect of isolated, ventilated rabbits’ lungs without and with DNP and 
with on the concentrations of 7’ P and ATP 
Perfused | Concentra- 
r A ~ Part of tion 
For lungs (ui/g 
Expt With (min) analysed tion Remarks 
1 Tyrode's solution . 180 Whole 7 P 230 
2 180 ‘Whole 7 P 400 
3 180 Upperlobe 7'P 420 
180 Lower lobe 7 P 370 
4 180 Upperlobe 7’ P 350 
180 Lowerlobe P 240 
5 Tyrode’s solution 5 Whole 7’ P In this experiment the 
containing 10 Whole 7P were ventilated 
DNP 15 Whole 7 P 160 positive pressure 
; and lobes were tied 
off and removed for 
analysis one at a time 
6 me 40 Upperlobe 7'P 180) In this experiment the 
40  Lowerlobe. 7’ P 70 upper lobes were in- 
com perfused 
7 a 40 Whole 7s 50 
8 50 Whole 70 
9 in 15 Whole ATP Nil 
10 15 Whole ATP 5 
ll Tyrode’s 5 
10-*u 
HgCl, then 
Tyrode's solution 15 Whole 125 Weight increased from 
8 to 200g 
12 Tyrode’s 
containing 5 x 10-*m 
HgCl, then | 
Tyrode’s solution 15 Whole 7 P 85 Weight increased from 
to 22g 


Mercurial compounds. Compounds of mercury were perfused in twelve 
experiments with rabbits and three experiments with cats. 

p-Chloromerouribenzoate (CMB) produced different effects depending on its 
concentration. Concentrations of 10-* and 10-’m perfused for up to 15 min 
either had no effect or they produced small increases in perfusion pressure 
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and lung weight. Concentrations of 10-* and 10-*m rapidly brought about 
maximal constriction of the vessels and bronchi. Resistance to ventilation 
was greatly increased and perfusion was stopped almost completely so that 
oedema could not develop because no fluid was going through the lungs. These 
changes persisted and the experiments were abandoned. 

When 10~ or 10-*m CMB was perfused for 4 min or less the effects were 
similar to those of chloropicrin. An immediate temporary rise in perfusion 
pressure occurred, followed by an outpouring of fluid into the lungs. Perfusion 
with mercuric chloride in the same high concentrations had the same effects 


(Fig. 4). 


Fig. 4. HgCl, (1 x 10-*m) perfused for 4 min (between the arrows) through the isolated lungs of 
@ rabbit (male, 1-7 kg). Initial weight of lungs 8-9 g. Symbols as in Fig. 1. 


Lungs made oedematous with mercurials showed some loss of 7’ P (Table 4). 

Mersalyl in a concentration of 10-°m perfused for 7 min caused an increase 
in pressure. 10-*m perfused for 8 min brought about a further rise in pressure 
and a gradual increase in weight. 

In isolated ventilated lungs of cats perfusion with CMB produced the same 
results as in the lungs of rabbits. 
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Adrenaline, histamine, and histamine liberating substances 

Adrenaline was injected in doses of 0-1-1-0 mg or perfused in concentrations 
of 10-*m for 3 min. It produced a marked pressor effect which rapidly wore 
off, but oedema did not develop after adrenaline. 

Histamine injected in doses of 1-10 wg had a transient pressor action; 
larger doses (100 yg) brought about persistent vasoconstriction and a decrease 
in tidal air. There was no evidence of oedema. 

Two substances were perfused which were known to be capable of liberating 
histamine from tissues. Compound 48/80 was perfused for 10 min at a con- 
centration of 50 ug/ml. and NH,Cl (Jaques, 1952) for 10 min at a concentration 
of 10-*m. Both had similar effects, consisting in a gradual rise in the perfusion 
pressure and progressively increasing oedema. 


DISCUSSION 


The experiments have shown that when isolated lungs are adequately venti- 
lated and perfused with Tyrode’s solution containing 25°% horse serum they 
‘survive’ in the sense that the concentration of ATP in them remains approxi- 
mately normal and that no or comparatively little fluid leaks from the blood 
vessels into the air spaces. However, when some substances are perfused 
through the lungs they bring about an increase in weight of the lungs and at 
the end of the experiment the lungs are full of ‘oedema’ fluid which pours 
from cut surfaces. 

The oedema brought about by perfusing DNP through the lungs was 
characterized by its gradual development and the absence of major haemo- 
dynamic disturbances. Duke & Killick (1952) showed that when cyanide 
was added to blood used for perfusing cats’ lungs oedema developed in a some- 
what similar way. The results suggest that the oedema which followed per- 
fusion with DNP was due to an interference with oxidative phosphorylation 
in the pulmonary capillaries. This conclusion is supported by the observations 
that ATP disappeared from the lungs after about 15 min and that oedema 
began to show itself, on the average, a few minutes later. 

Neither oedema nor breakdown of ATP was observed when DNP was 
perfused through the lungs in concentrations of 10~*m or less. The high con- 
centrations of DNP needed to produce an effect in the preparation was 
probably accounted for by the presence of horse serum in the perfusion fluid. 
Unpublished experiments by Duff (1953) have shown that 25% horse serum 
reduces the biological activity of 10-*m DNP towards the isolated diaphragm 
of the rat tenfold. This could be explained by assuming that DNP is adsorbed 
on to the proteins in horse serum, for it has been shown by Teresi & Luck 
(1948) that DNP is strongly bound by bovine serum albumin. 
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In contrast to the effects of DNP those of mercurial compounds were 
dramatic. CMB and HgC(l, brought about acute vasoconstriction and rapid 
and gross outpouring of fluid. Arsenical as well as mercurial compounds react 


with SH groups, and Danielli & Danielli (unpublished Report to the Ministry 


of Supply, 1944) found that the permeability to proteins of frogs’ capillaries 
was increased when they were perfused with small concentrations of lewisite. 
Edlund & Linderholm (1949, 1950) showed that when rabbits were treated 
with mersalyl the connective tissues of the skin and the knee-joint became less 
resistant to the flow of aqueous solutions through them. Williamson & Fromm 
(1953) showed that the tensile strength of healing wounds in rats was directly 
proportional to the concentration of cysteine plus cystine in the regenerating 
wound tissue. All these observations suggest that sulphur-containing groups 
are essential for the structural integrity of endothelial and connective tissues. 

Lungs made oedematous with HgCl, contained less 7’ P than normal lungs. 
However, the extreme rapidity with which the oedema appeared makes it 


_ probable that the loss of 7’ P was due to release of phosphate compounds from 


damaged cells. 

On this evidence, it seems that oedema-producing substances may be 
classified into taose which cause rapid oedema by damaging directly the 
structure of the pulmonary capillaries, e.g. chloropicrin and mercury com- 
pounds, and those which bring about slowly developing oedema by interfering 
with capillary metabolism, e.g. cyanide and DNP. 

Adrenaline produces acute pulmonary oedema when injected in large doses 
into rabbits (for references see Cameron, 1948). However, adrenaline did not 
cause oedema in isolated rabbit lungs. Therefore, it is likely that the oedema 
which adrenaline produces in whole animals is due not to an action in the 
capillary bed as such but to a sudden disturbance of the pressures in the 
pulmonary circulation. 

Injected histamine did not produce oedema in the isolated lungs. However, 
compound 48/80 and NH,Cl did produce oedema. Recently, Jaques (1952) 
has shown that when acute pulmonary oedema is induced in rats by injecting 
NH,Cl intraperitoneally there is a marked decrease in the concentration of 
histamine in the lung tissue. It is known that the rat does not develop 
pulmonary oedema when histamine is injected. Thus, it is possible that NH,CI, 
like compound 48/80, acts by releasing endogenous histamine from the lungs. 
However, the results throw no light on the mechanism by which the release of 
histamine is associated with increased leakiness of the pulmonary capillaries. 

SUMMARY 

1. Isolated, ventilated lungs of rabbits have been perfused with Tyrode’s 

solution containing horse serum. Various substances, when added to the 


perfusion fluid, produced oedema in the lungs. 
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2. 2:4-Dinitrophenol brought about a gradual decrease in perfusion pressure 
and slowly developing oedema and, simultaneously, the breakdown of ATP 
in the lungs. 

3. Compounds of mercury caused an acute increase in perfusion pressure, 
very rapid oedema, and a decrease in the concentration of 7’ P. 

4. Compound 48/80 and ammonium chloride brought about sodeme, 
whereas histamine and adrenaline did not. 


I wish to thank Messrs J. A. E. Jarvis and R. Manston for technical assistance, and Dr R. Wien 
and Messts May and Baker, Ltd., for arranging « supply of polyvinyl-pyrollidone. 
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D’Silva & Neil (1951) obtained some evidence that the rate of exchange of 
potassium ions across the membrane of the rat liver cell in vivo was more rapid 
than the exchange across the cell membrane of the gastrocnemius muscle. In 
these experiments no direct information concerning the inward or outward 
ion fluxes was obtained. As experiments in vitro seemed likely to provide more 
precise information, a study of the conditions under which the liver could be 
satisfactorily perfused was undertaken. 


Numerous techniques have been described for the perfusion of the liver but 
no satisfactory evidence has been provided to indicate the physiological state 
of thetissues after perfusion. Trowell (1942), for example, perfused the rat 
liver with saline and recorded @ small increase in its volume after perfusion, 
but Flink, Hastings & Lowry (1950), and Krebs, Eggleston & Terner (1951) 
found that liver slices rapidly rant intracellular potassium when incubated 
with saline. 


In the experiments dedetibed some necessary in 
Trowell’s technique to ensure a satisfactory — of the liver for short 
periods are described. 


METHODS 
Perfusion technique 
Male albino rats weighing about 200 g were used. The animals were killed in one of three ways: 
anaesthesia, or by decapitation. 

The technique seed for dissection and cannulation of the thoreaic. portion of the inferior vens 
cava and perfusion was that described by Trowell (1942), except that the isolated liver was 
suspended in a wide flask from a cannula permanently mounted in a rubber bung. A tube led 
from the bottom of the flask so that the perfusate drained away. The inside of the flask opened to 
the atmosphere through a second glass tube which passed through the bung. The flask was 
immersed in a bath at 38° C. 

The time taken from the moment the rat was killed to that at which the liver was in its final 
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end of the perfusion period the liver was cut from the cannula, blottéd lightly bet ween filter-paper, 
and samples taken for analysis. 

The perfusion fluid was fed to the liver by a Dale-Schuster pump, and usually the perfusate 
was not recirculated. The perfusion fluid used was either Krebs saline solution (Krebs & Henseleit, 
1932) alone, or with additions, or a haemoglobin-Krebs saline solution, the preparation of which 
is described below. 

5% CO, in oxygen was bubbled through the perfusion fluid for 10-15 min before the perfusion 
was started, in order to oxygenate it and to bring its pH to a steady value of about 7-4. 

The perfusion pressure during a good perfusion was 3-5-4 cm of water. The rate of perfusion 
remained the same throughout the experiment. 

The pulse rate of the pump was set at 120-150 strokes per minute, and maintained at this rate. 
If any alteration in the rate of perfusion was desired, it was carried out by varying the stroke 
volume. The perfusion rate was normally 9-10 ml./min of Krebs saline or 5-6 ml./min of haemo- 
globin-Krebs saline for a 7 g_liver. 


Preparation of haemoglobin- Krebs saline 

(1) 11. of Bach ox Mood, wore 4 times 
with 0-9% NaCl solution, and then laked with ether. The ether was added 10 ml. at a time and, 
after each addition, the mixture was shaken. Soon the mixture became very viscous, but when 
a little more ether was added with further shaking the viscous mass became quite fluid again 
(solution X). 

(2) Ammonium alum (50 g Analar) was dissolved in distilled water (1-5 1.) and the aluminium 
completely precipitated as Al(OH), by the addition of a slight excess of NH,OH solution (4%). 
The precipitate was separated by centrifugation (3000 rev/min for 4 min) and washed (by mixing 
with water, centrifuging and decanting) until sulphate free. The washed Al(OH), was made up 
into a cream (about 300 ml.) with distilled water. 

(3) Solution X (450 ml.) was stirred into the alumina cream (300 ml.) and allowed to stand for 
15 min. The mixture was then centrifuged (3000 rev/min for 15 min) and the deep red clear 
supernatant decanted into cellophane bags for dialysis. 

(4) Dialysis against running tap water was continued until the chloride concentration (as NaCl) 
in the haemoglobin solution was less than 0-006 g/100 ml. (i.e. approx. /1000). Sodium and 
potassium concentrations were similarly negligible as shown by analyses using the flame photo- 
meter. 

The stock solution of haemoglobin was stored in a stoppered Winchester bottle at 4° C. It 
usually had an oxygen capacity of 17-18 ml./100 ml. solution. 

The Krebs saline was prepared from this solution so that it had an oxygen capacity of 7-8 ml./ 
100 ml., corresponding to about 5-5-6-0 g Hb/100 ml., and a protein osmotic pressure closely 
similar to that of serum. 

The results of analysis of mains water were kindly given us by the Metropolitan Water Board 
and showed that the only inorganic ion in a concentration of any importance in the solution of 
haemoglobin after dialysis was calcium. The haemoglobin-Krebs saline contained about 5 mg 
Ca ion/100 ml. contributed by the stock solution of haemoglobin. The haemoglobin-Krebs saline 
as finally made up had the same inorganic ion composition as Krebs saline solution. 

The solution was filtered through no. 2 Whatman paper immediately prior to use and equi- 
librated with 5% CO, in O, at room temperature. It was then repeatedly and rapidly circulated 
through the apparatus at 38° C for about 15 min, the space above the solution in the stock bottle 
being filled with 5% CO, in O,. The recirculation at 38° C before perfusion prevented the formation 
of oxygen emboli in the liver during perfusion. 

Quantitaté 

(1) Total liver water. The whole liver was gently blotted between filter-paper and one lobe cut 
off into a weighed crucible without further manipulation. When the lobe of an oedematous liver 
was cut off and then blotted, low values were obtained for liver water, as extracellular fluid was 
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easily expressed from the cut surface. The liver samples were dried to constant weight at 110° C. 
Liver water is expressed both as a percentage of the wet weight of tissue and as a ratio between 


the weights of liver water and liver solids, the latter being a more sensitive index of changes in the 
water content of tissue. 


(2) Potassium. 15-20 mg of dry liver were ashed with nitric acid (0-2 ml. of 50%, v/v). The 
ashed sample was diluted with distilled water to give a final potassium concentration of 5-10 parts 
« per million. The ation was carried out using a direct reading flame photometer. 


(3) Glycogen. The method used for glycogen estimation wes derived from the methods of Good, 
Kramer & Somogyi (1933), and Sahyun (1931). 


(4) Oxygen content of perfusion fluid. These estimations were carried out using the conventional 
Van Slyke and Neill manometric apparatus. Saponin was omitted from the determinations on the 
haemoglobin solutions, the method for which otherwise followed that for whole blood. Samples 
of fluid withdrawn from the perfusion apparatus were stored under paraffin for not longer than 
: 2 hr before analysis. 

(5) Radioactivity. Samples of liver were dissolved in concentrated nitric acid and assayed for 
**K as described by D’Silva & Neil (1951). All ‘counts’ were corrected for background, resolving _ 
time of the tube, and decay of the isotope. 


RESULTS 

) Perfusion with Krebs saline solution 
When the livers of rats killed by a blow on the head were perfused with Krebs 
saline, they gained water and lost large amounts of potassium as shown in 
Table 1, Groups 1 and 4. The deterioration of the liver commenced within 
a few minutes of starting the perfusion and was far advanced after 1-2 hr. 
When 1-5% of glycogen was present in the fresh liver the amount which 
' remained after 30 min perfusion was almost invariably less than 0-2%. Most 
of the glycogen initially present disappeared in the first 15 min. 

Attempts were made to obtain an improved preparation by carrying out the 
dissection on animals anaesthetized with sodium amylobarbitone or ether. It 
is clear (Table 1, Groups 2 and 5; Groups 3 and 6) that perfusion resulted in the 
retention of more potassium than in the group of rats killed by a blow, but 
there was little reduction of oedema fluid. 

Perfusion for 60 min of the livers of animals killed by a blow resulted 
(Group 7) in a no greater loss of potassium than perfusion for 30 min (Group 4). 
A large loss of potassium also occurred when 6% Dextran in Krebs saline was 
used as the perfusion fluid (Group 8). No reduction of oedema was observed 
in spite of the close similarity between the osmotic pressure of the perfusion 
fluid and that of rat plasma. The addition of 20% of washed ox red corpuscles 
did not improve the preparation (Group 9). No experiments were tried in 
which rat red cells were suspended in the perfusion fluid. Even a perfusion 
fluid very rich in potassium (Group 10) did not prevent some loss of potassium 
from the perfused liver. 

In all the experiments recorded in Table 1 the perfusion pressure was around 
4 cm of water. In a few experiments this was raised to 15 cm of water but, in 
every case, the loss of potassium was much greater. 
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The loss of potassium from the liver was also studied by the use of “K iso- 
tope. Twenty-four hours after intraperitoneal injection of “KCI into the rat, 
the specific activity of potassium in the liver is known to be the same as that 
in the plasma. “KCl was therefore injected intraperitoneally into rats 24 hr 
before the liver was perfused. The approximate specific activity of the plasma 
potassium after this period was obtained from a ‘paired’ experiment. The 
activities of the two plasma samples have been shown from other experiments 
(unpublished) to agree within + 10%, so that “KCl could be added to the 


TaB.z 1. Liver potassium and total liver water of perfused and unperfused rat livers _ 


Liver 


potassium Liver water 
No. Dura- m.equiv/kg — 
Group of tion dry wt. mean meen Water/eolids* 
. Perfusion fluid expte. (min) and range and range ratio (mean) 
Unperfused 5 — 334 70-8 2-42 Rats killed by a blow 
(controls) (294-394) (69-3-72-1) 
Unperfused 7 332 Rats under Na 
(controls) (305-380) | (sodium amylo 
Unperfused 7 a= 345 70-4 2:38 $$ Rate under ether 
(controls) (311-412) (69-4-72-0) 
Krebs saline 5 30 209 82-6 475 Rats killed by a blow 
(156-259) (80-6-84-3) 
Krebs saline 7 30 291 — a Rats under Na 
Amytal. 
perfusion 
Krebs saline 7 30 317 80-0 400 Rats under ether 
(272-367) (78-6-81-1) 
Krebs saline 3 60 82-1 4-59 Rats killed by a blow 
(179-280) (80-4-84-2) 
8 Krebssalineand 2 60 82:1 459 Rats killed by a blow 
6% Dextran (136,175) (81-6, 82-5) 
9 Krebs saline + l 60 75-4 3-07 Rats killed by a blow 
6% Dextran and ‘= | 
20% ox red cells 
10 Krebs saline + 2 50 280 82-7 | 4-78 Rats killed by a blow 
1% glucose (solu- (248,312) (79-7, 85-6) 
100 mg K/100 ml.) 
liver water 
* water/solid ratio= 100 liver water’ 


perfusion fluid to provide it with about the same specific activity as the 
plasma which perfused the liver in vivo. If, as a result of perfusion, there was 
no net loss or gain of potassium by the liver, the perfusate should maintain 
a constant level of radioactivity. 

The result of such a perfusion using defibrinated ox blood diluted with an 
equal volume of Krebs saline in which the perfusate was led through an F. 10 
liquid flow Geiger-Miiller tube (20th Century Electronics Ltd.) is shown in 
Fig. 1. There is a very large increase in the radioactivity of the perfusate 
during the first 15 min of perfusion, which can only be explained by assuming 
a rapid loss of potassium from the liver (cf. Table 1). The peaks in the curves 
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obtained from experiments in which the liver was perfused with Krebs saline 
alone were not as high as in Fig. 1, but a large loss of potassium could easily 
be demonstrated by this technique; especially from the livers of rats killed 
by a blow on the head. | 

The failure to perfuse the rat liver satisfactorily led to a further study of some 
of the conditions under which it lost potassium. © 


Theoretical curve 

T T T 

Time (min) 


Fig. 1. Changes in the radioactivity of the perfusate (ordinate) with 
duration of perfusion (abscissa). 


Counts/ml./min in 

The oxygen requirements of the perfused liver 

Trowell (1942) concluded from the results of the experiments of previous 
workers that the average oxygen consumption of rat liver slices was 2 ml:/g 
fresh liver/hr. (Qo, about 7 cu. mm O,/mg dry liver/hr). He calculated that 
a 7 g liver (obtained from a rat weighing about 200 g) would therefore require 
about 14 ml. oxygen per hour. The solubility coefficient of oxygen in saline at 
atmospheric pressure and at 38°C is 0-024 (i.e. 2-4 ml. O,/100 ml. saline). 
About 580 ml. saline would contain 14 ml. oxygen so that 580 ml./hr, or about 
10 ml./min, would be the required perfusion rate for a 7 g liver. Trowell main- 
tained this rate of perfusion for several hours without raising the perfusion 
pressure, The adequacy of this rate of perfusion depends on three factors 
(a) the complete saturation of the perfusion fluid with oxygen, (6) Trowell’s 
estimate of the Qo, value for a perfused liver, and (c) the ability of the liver to 
remove oxygen completely from the perfusion fluid. 
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Determinations were therefore carried out on the 0, contents of Krebs 
solution which was oxygenated by bubbling 5%, CO, in oxygen through it by 
means of a sintered glass diaphragm. After 30 min the oxygen content was 
less than 70% of the value at full saturation, so, as the maximum time avail- 
able for oxygenation of the Krebs fluid in the experiments described above was 
15 min, the perfused livers were undoubtedly very anoxic. 

It has been shown (see above) that the addition of ox red corpuscles to the 
perfusion fluid did not improve the preparation. As, in these experiments, it 
was undesirable to re-circulate the perfusate through the liver, it was con- 
sidered impracticable to perfuse with fluids containing homologous red 
corpuscles. 

Saline solutions containing haemoglobin have been described. But for the 
present purpose there was, in most preparations, insufficient control of the 
composition of the resulting solution which contained large amounts of 
potassium, phosphates, and a variety of organic compounds from the intra- 
cellular fluid. A suitable perfusion fluid containing haemoglobin in solution 
was therefore prepared and added to Krebs solution, as already described. 


Perfusion with haemoglobin-Krebs saline 
Oxygen consumption of the perfused rat liver 
The oxygen utilized by the perfused liver increased during the first 30 min 
of perfusion. The Qo, values found at the end of this period varied from 8-6 to 
12-8 (five experiments, mean 10-2). 
There was invariably residual oxygen in the perfusate so that oxygen was 
being supplied in excess of the requirements of the liver. The oxygen require- 


ment of the organ was therefore about 45%, greater than that estimated by 
Trowell (1942). 


Liver potassium and total liver water after perfusion | 

Analyses for potassium and water carried out after perfusion for 30 min are 
given in Table 2 (Groups 15 and 17). It will be seen that the livers of rats 
killed by a blow on the head lost potassium and gained water under these 
conditions of perfusion (Table 2, Group 15). If the animals were anaesthetized 
with ether while the preparation was being made, the tissue potassium and 
water contents remained normal (Table 2, Group 17). It was found that the 
loss of potassium from the livers of animals killed by a blow could be prevented 
by adding 4 mg/100 ml. of L-cysteine hydrochloride to the perfusion fluid 
(Table 2, Group 16). A similar addition to the perfusion fluid used for the 
livers of etherized rats did not affect the results obtained (Group 18). 

Fig. 2 shows the results of these and of some other perfusions carried out for 
longer periods on the livers of rats anaesthetized with ether during the setting 
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TaBLz 2. Liver potassium and total liver water of rat livers perfused 
with haemoglobin-Krebs saline and of controls 


Liver 
potassium Liver water 
m.equiv/kg 
No. of Duration dry wt.mean g% mean Water/solids* 
Perfusion fluid expte. (min) and range and range ratio (mean) 
Unperfused 19 — 337 70-6 2-40 
(controls) (294-412) (69-3-72-1) 
Haemoglobin- 14 30 275 773 3-41 
Krebs saline (229-351) (73-0-80-6) 
Haemoglobin- 6 30 332 73-1 2-72 
Krebs saline + (317-348) (72-1-74-7) 
4 mg/100 ml. 
L-cysteine H 
Haemoglobin 8 30 360 72-2 2-60 
Krebs saline (304-391)  (71-0-73-4) 
bin- 4 30 327 72-7 2-66 
Krebs saline + (304-348) (71-7~73-6) 
4 mg/100 ml. 
% liver water 
water/solid ratio = 100 liver wat 
io 
fo fo 
300- | 
140- 2°85 
§ 730- (4) 2:70 
(8) 
720- 2°57 
3 71-0- 2:45 
70-0 2:33 
1 
0 


Time perfused (min) 
Fig. 2. Potassium and total liver water of rat livers perfused with haemoglobin-Krebs saline 


for 15, 30, 60 and 85 min. Controls unperfused. Mean (X), range; and number of experiments 
(in brackets). Right-hand ordinates represent the liver water/solid ratios. 
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1, 2,3 Cf. Table 1 
15 Rats killed 
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16 Rats killed 4 
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up of the preparation. It will be seen that the potassium content of the liver 
remained normal for at least 80min though the liver water increased some- 
what from 70-6% for the controls to about 73% after 80 min of perfusion, 
values in marked contrast with those shown in Table 1. 


It is well established that anaesthetics, especially ether, cause a decrease 
in liver glycogen which is sometimes very rapid. Therefore use was made of 
the observation above that the liver could be satisfactorily perfused with 
haemoglobin-Krebs saline containing L-cysteine hydrochloride after the rat 
had been killed by a blow (or decapitation). The liver of a ‘paired’ rat, or 
- @ sample from the liver to be perfused, provided control values for: liver 

glycogen. The rapid loss of glycogen which occurred on BES with saline 
~ alone was no longer observed. 


haemoglobin-Krebs saline containing 4 mg/100 ml. L-cysteine HCI. 
Glycogen % Control 
Perfusion glycogen 


Group no. % Remarks 
I 253 2-32 Livers perfused 3 hr 
255 1-78 2-32 after 3 ucose by stomach tube. 
Rats nos. and control killed by 
decapitation. 0-5% glucose in perfusion 
II 259 3-46 456 
260 2-96 2-43 fluid. 
262 5-70 540 One lobe, taken before acted as 
263 4-70 _ 680 control for 262 and 
Iil 257 0-31 0-21 3 rate fasted 36hr. 1% = pe 
258 0-11 0-21 fusion fluid. All killed by decapitation 


The results obtained are shown in Table 3. Groups I and II indicate that 
livers containing up to 5% of glycogen maintained this level during 45 min 
of perfusion. No increase in glycogen content could be demonstrated in starved 
(Group III) or fed rats when glucose was added to the perfusion fluid (0-5 to 
1 g/100 ml.) Addition of Eucortone (0-5-4 ml.) or insulin (8. units) to the 
perfusion fluid (100 ml.) apparently had no effect on the glycogen content of 
the liver. Control sampling of the liver before perfusion, whether by taking 
a segment or whole lobe, almost invariably led to a loss of potassium from 
and an increase of water in the perfused liver. Only about one in four per- 
fusions in which control sampling was carried out was subsequently found to be 


satisfactory. 
Histology 


Sections were prepared from rat livers perfused for shcnieseiihideenene- 
globin-Krebs saline or with Krebs saline alone. These were compared with 
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sections from normal fresh livers. We are indebted to Dr G. Bourne for his 
opinion (see below) on the ee tt appearance of the perfused and normal 
tissues. | 


Haemoglobin-Krebs saline perfusion. 
Moderate dilatation of sinusoids. The wehiadaan and nuclei of all cells look 
normal except in one specimen where there appears to be slight oedema. 


Saline perfusion 

Extensive dilatation of sinusoids. The cells in the periphery of the. liver 
lobules show greatly vacuolated cytoplasm and pyknotic nuclei. All the cells 
in this region appear dead or dying. The cells in the central parts of the 
lobules show the beginning of vacuolation and nuclear changes suggestive of 
oer Liver cells in one control slide look slightly oedematous. | 


TaBLE 4. “*K activity of various lobes of the liver after perfusion 


Wt. of liver Relative 

Lobe and region sample (g) activity* 
0-571 98 
t (sample 1) 0-545 102 
ht (sample 2) 1-000 108 
Left 1-117 

Median (peripheral) 1-452 99 


of tissue for all samples. 

210 g rat given 1 ml. of 1:15% “KCl solution intraperitoneally 5 min before being killed under 
ether anaesthesia. Perfusion for 35 min with haemoglobin-Krebs solution. 


Completeness of perfusion 

Three methods were used for checking the completeness of perfusion. 

(a) The surface of the liver, upon starting perfusion, was evenly coloured 
by the haemoglobin-Krebs solution. When the perfusion was incomplete the 
surface was patchy in appearance. 

(b) Traces of Evans blue in saline injected through the cannula faintly 
marked the entire liver surface within a few seconds of injection. 

(c) @KCl was injected into a rat prior to perfusion. The “KCl which 
had entered the liver cells in vivo was largely exchanged with *K of the 
perfusion fluid after 30 min of perfusion. The distribution of “K in the liver 
after perfusion is shown in Table 4. The constancy of the relative activity 
figures shows that the liver was very evenly perfused throughout all its 


lobes. 
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DISCUSSION 


The perfusion of the rat liver by the method described by Trowell (1942) 
resulted in the loss of intracellular potassium and the accumulation of water 
in the liver cells. It follows, therefore, that the environment of the intra- 
cellular enzyme systems was far from normal. As the presence of potassium 
ions, for example, has been shown to be essential for the operation of certain 
enzyme systems (Boyer, Lardy & Phillips, 1942, 1943; Eddy & Hinshelwood, 
1950; Lipsett & Crescitelli, 1950; Muntz & Hurwitz, 1951), the maintenance 
of a normal concentration of potassium inside the cells of isolated tissues used 
for metabolic studies is essential. Hastings & Buchanan (1942) reported that 
liver slices rapidly lost glycogen unless bathed in a saline solution containing 
130 m.mole/l. of potassium ion. Under these conditions the cells maintained 
their normal high potassium content and were able to synthesize small amounts 
of glycogen. Corey & Britton (1941) found that rat livers rapidly lost glycogen 
when perfused with saline for 15 min. This loss could not be prevented, but 
was diminished, by adding either glucose or adrenal cortical extract to the 
perfusion fluid to give a final concentration of 5°, in each instance. This rapid 
loss of glycogen has been confirmed in the work reported here. When the liver 
is perfused so that its normal intracellular potassium concentration and water 
content are maintained, glycogen contents of up to 5% are maintained for as 
long as 45 min without incorporating more than 0-5% or 1-0% of glucose in 
the perfusion fluid. | 

It seems clear that the main cause of the loss of potassium from livers 
perfused with Krebs saline is anoxia. However, other contributory factors 
have been observed, such as killing the animal by a blow on the head, excessive 
manipulation of the liver during preparation, damage to the liver by removing 
part or all of a lobe, high perfusion pressures, and the presence of foreign cells 
or serum in the perfusion fluid. Flink ef al. (1950) showed that rat-liver slices 
which had remained anoxic for periods greater than 7 min rapidly and irre- 
versibly lost potassium, but that recovery occurred when the anoxic period 
was less than 5-7 min. In our experiments, there was no circulation through 
the liver for about 4 min, but no recovery of the potassium lost in the early 
stages of the perfusion was observed after 1 hr. Loss of tissue potassium due 
to anoxia has been reported also in nerve (Fenn & Gerschman, 1950), in muscle 
(Baetjer, 1935; Dennis & Mullin, 1938) and in brain (Dixon, 1949). 

The possibility that the liberation of histamine might have been responsible 
for the loss of potassium due to damage to the liver by sampling was investi- 
gated, but no trace of histamine was found in the perfusate after such 
treatment. 

The experiments described above have led to the conclusion that if the 
perfused liver is to be used as a reliable preparation for biochemical or physio- 
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logical studies, more searching control tests are necessary than have hitherto 
been applied. Thus, Brodie (1903) stressed the need for adequate oxygen, and 
Grube (1903) the necessity for rapidly re-establishing the liver circulation 
after dissection. Belt, Smith & Whipple (1920) proposed that some normal 
function of the organ in vivo should be possessed by the perfused organ. Burn 
& Marks (1926) suggested that reduction of the oxyhaemoglobin in the per- 
fusion fluid, and the formation of bile were good indices of an adequate pre- 
paration. Other criteria have been proposed from time to time. No instance 
has been found, however, where exhaustive control tests have been carried out 
on the perfused organ before proceeding to use it for metabolic studies. It is 
suggested that one of the most important criteria for a ‘good perfusion’ is that 
the intracellular potassium concentration should remain the same as in the 
organ in vivo, a8 this property appears to be so closely linked with the adequacy 
of the oxygen supply to the tissues. Serious disturbances of the anionic con- 
centration within a cell would almost certainly be accompanied by changes in 
the cell potassium concentration. 

Before using a perfused organ for physiological or biochemical studies it is 
necessary to carry out control perfusions for at least as long as the projected 
experimental period so as to be certain that the organ remains as nearly in 
a ‘normal condition’ (both physically and chemically) as is possible. The 
conditions for adequate perfusion will vary from tissue to tissue, but the 
following criteria will apply in nearly all cases: 

(1) The preparation of the organ should be gentle but rapid, ensuring only 
the briefest interruption of circulation, or if possible, none at all. 

(2) The perfusion fluid should approximate in chemical composition and 
physical properties to those of the plasma or blood of the species concerned. 

(3) A satisfactory rate of perfusion should supply oxygen in excess of the 
tissue requirements and should be maintained without appreciable alteration 
of perfusion pressure throughout the control experiment. 

(4) Visual and histological examination should confirm that the organ has 
been evenly perfused and that the cells remain undamaged. | 

(5) The ratio of tissue water to tissue solids should remain practically 
constant, and the organ weight should not alter appreciably as a result of 
perfusion. 

(6) The intracellular potassium concentration should remain the same as in 
the cells in vivo. 

(7) If possible one or more functional tests should be applied to the perfused 

organ. 

8) For long perfusion periods (many hours) aseptic conditions should be 
preserved (White, 1946; Brauer, Pessotti & Pizzolato, 1951). 

- The technique described in this paper was considered to satisfy criteria 
_ (1)-(7) above for periods not exceeding 90 min. After this time petaechial 
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haemorrhages were visible on the surface of the liver, although the total liver 
water and potassium content were still practically normal. For longer per- 
fusion periods in which the perfusate is continually recirculated through the 
liver, the method described by Brauer et al. (1951) appears to be satisfactory. 

Many of the properties and functions of organs may be observed in perfused 
preparations without adhering to all the criteria enumerated above, but 
probably some details of these properties and functions would only be 
revealed if the perfusion technique per se was amen ping carefully along 
the lines suggested above. 


SUMMARY | 

PF A study has been. made of the rat liver perfused with Krebs saline 
solution and various modifications of it. 

2. The liver lost potassium and glycogen and became oedematous orien 
perfused for up to 2 hr with Krebs saline with or without the addition of 
Dextran, washed ox red cells, or potassium chloride. The loss of potassium 
was greater when the rat was killed by a blow than when killed under other 
or amylobarbitone anaesthesia. 

3. When perfused with a haemoglobin-Krebs saline for up to 90 min the 
original concentrations of potassium and glycogen were maintained and very 
little oedema occurred. The aracnpeeate of the haemoglobin-Krebs solution is 
described.» _. 

4. The mean Qo, for the liver perfused with haemoglobin-Krebs saline was 
about 10. 

and suggestions are put forward for criteria by which the adequacy of a 
perfusion technique may be assessed. 
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PHYSIOLOGICAL GUSTATORY SWEATING IN 
A WARM CLIMATE 


By T. 8. LEE 
From the Department of Physiology, University of Malaya, one 
(Received 4 January 1954) 


Gustatory sweating is sweating in response to certain foods, especially spicy 
foods and acids. Much work has been carried out on pathological gustatory 
sweating, such as the auriculo-temporal syndrome (Frey, 1923; Guttmann, 
1931; Needles, 1936; Langenskidld, 1946), and on facial sweating resulting 
from cervico-thoracic ganglionectomies or upper limb sympathectomies 
(Wilson, 1936; List & Peet, 1938a; Haxton, 1948), but as far as can be 
ascertained there is no record of any systematic investigation of physio- 
logical gustatory sweating, beyond passing reference to the existence of such 
a phenomenon (Foster, 1895; List & Peet, 1938). 


METHODS 


General plan of experiments. One hundred and nineteen experiments were carried out on forty- 
six healthy young men aged 19-36 years. Thirty-four experiments were carried out to study the 
distribution of gustatory sweating in response to chillies and six experiments to study the effects 
of repeated or continued stimulation with chillies. The sensitivity of different areas in the mouth 
to chillies was studied in a further eleven experiments, and fifty-three experiments were performed 
to investigate the effect of other types of chemical stimulation and of physical stimulation of the 
mouth. Four experiments were performed to investigate the nature of the secretory fibres 
responsible for gustatory sweating and eleven experiments to study the relationship between 
thermal and gustatory sweating. 

In all experiments the subjects wore cotton trousers only. Before each test they washed their 
faces and upper parts of their bodies with cool water, and then they sat down on a chair under 
a fan providing an air movement of 40 m/min, but the fan was only switched on if visual obser- 
vation or preliminary tests with starch and iodine revealed the presence of thermal sweating. 
The environmental temperature, unless otherwise stated, was always between 27 and 30° C with 
a relative humidity of 65-90%, and variations during any one test were always within 1° C and 
within 5 % relative humidity. Radiation of heat from the surroundings was insignificant (Bedford, 
1946). Thirty minutes were allowed to elapse, unless otherwise stated, before Minor’s iodine was 
applied (see below) and before any experimental procedures were begun. 

In those experiments in which a series of tests was carried out in succession on the same subject 
an interval of 15-20 min was always allowed to elapse between tests. During this interval the 
subjects rinsed their mouths thoroughly with water, and the next test was started only after all 
subjective and objective effects of the previous test had disappeared. 
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CQustatory excitants. Ripe, red chillies (Capsicum minimum) of an average weight of 0-6 g were 
used a the principal excitant. The chillies were grown by the author and specially selected for 
constancy of weight and ripeness. In most experiments a whole chilli was thoroughly chewed up 
by each subject and held in the mouth for 5 min. When quantitative studies were made, the 
chillies were broken up and applied as a thick paste to precisely defined parts of the mouth. 
Other chemical excitants included: (1) 10 ml. of a 50% cane-sugar solution (8 tests); (2) 5 ml. of 
0-5 % quinine hydrochloride (7 tests) ; (3) 5 ml. of 5% acetic acid (8 tests); (4) 5 ml. of 3% potash 
alum (6 tests); (5) 1 g of freshly ground pepper (8 tests); and (6) 0-5 g of thick mustard paste 
made from a well-known British commercial brand of mustard powder (3 tests). Each substance 
was left in the mouth for 5-8 min. 

Physical stimulation of the mouth, pharynx, oesophagus, and stomach was produced in a number 
of ways. Three subjects filled their mouths with hot water at 52-54° C for periods of 5-20 min, 
changing the water at intervals of 1 min. Two subjects were given a beakerful of hot water to sip 
as fast as they could; the water was as hot as they could stand it, and one subject sipped 100 ml. 
of water at 73° C in 4 min, while the other sipped 200 ml. at 85° C in 5 min. In yet another experi- 
ment on another subject 150 ml. of oat gruel at 52° C was swallowed in 1 min. Two subjects were 
given a piece of sponge rubber to chew for 10 min. Another five subjects swallowed a Ryle’s tube, 
which they did without any trouble in about 30 sec. Subjects who had difficulty in swallowing 
the tube were excluded, since vomiting and retching gave rise to sweating of a different nature. 

Records of sweating. For the qualitative observation of sweating Minor’s iodine method (1927) 
was used, which consists of painting the skin with a solution of iodine and dusting it with dry 
starch; this gives a blue reaction when sweating occurs. Iodine and starch were applied to the 
subjects’ whole face and neck except the cye-lids. The pinnae of the ears and representative parts 
of the upper part of the body and upper limbs were similarly treated. On the scalp sweat could 
usually be seen in large drops but it could also be detected by running a dry finger through the 
hair, and objective evidence of sweating of the scalp was obtained with iodine and starch at the 
edges of the hair line (Fig. 1). 

In regions of the skin where gustatory sweating had been demonstrated by Minor’s method, the 
number of active sweat glands was counted by Randall’s iodine and starch-paper technique (1946) 
with the following modifications. The starch-paper was prepared from Whatman no. | filter-paper 
which is highly absorbent. In order to fix the size and area in which the number of secreting glands 
was being counted, a circular window, 11 mm in diameter, was punched out with a cork borer from 
a piece of transparent adhesive tape, and the tape was affixed to the skin. The skin in the circular 
window was painted with iodine solution, and starch-paper was pressed against it for periods of 

10 sec at intervals of 30sec. Dark spots appearing on the paper corresponded to active sweat 
glands and they were immediately counted. A note was also taken of the size of the spots. When 
the number of active glands was large, the possibility of error in counting was eliminated by super- 
imposing on the imprints a grid ruled on glass with lines 3 mm apart, the technique resembling that 
used in counting red blood cells, except that every spot in the whole field was counted. As a result 
of these modifications Randall’s original method became a repeatable quantitative technique. 

Other techniques. In order to check whether the secretory fibres were adrenergic or cholinergic, 
atropine sulphate 1 : 1000 in 0-9% saline and dihydroergotamine (Sandoz) 1 : 1000 were intro- 
duced into the skin by iontophoresis (Glaser & Lee, 1953). 

In seven of the experiments on the relationship between thermal and gustatory sweating (see 
above) the subjects first chewed chillies at a room temperature of 28-29° C as described above, 
but the total time during which chilli remained in the mouth was prolonged slightly beyond 
5 min. After an interval of 40-60 min thermal sweating was produced in these subjects by 
immersing the lower limbs in hot water at 43-45° C, and a high level of blood-flow through the 
limbs was maintained by exercising them (Barcroft & Dornhorst, 1949). 

In further experiments on the relationship between thermal and gustatory sweating, the 
subjects were cooled by sitting in a constant temperature room at 13-5-15° C for 45-60 min until 
their mouth and finger temperatures were lowered by at least 0-5 and 10° C respectively, and 
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they were warmed by walking about in the midday sun for 15 min or by carrying out stepping 
exercises for 15 min in an attic at a temperature of 32° C in the presence of considerable radiation 
from the walls. The mouth temperatures were taken by means of a clinical thermometer placed 
under the tongue for 5 min and the skin temperature of the forehead, the chest and the tip of 
a middle finger were measured by means of a thermocouple (Glaser, 1949). 


RESULTS 
Regions affected by gustatory sweating 
Twenty-five subjects were given a chilli to chew for 5 min, and twenty-four of 
these produced evidence of sweating by Minor’s method. In twelve of these 
subjects the latent period from the time when chewing of a chilli started to 
the onset of sweating varied between 1 and 2 min, and in the other twelve 
subjects the latent period was 20 sec or less. Table 1 shows the distribution of 


TaBiz 1. Regional distribution of gustatory sweating in an environment of 29-30° C 


No. of 
Regions sweating subjects 
and neck lip 
ose and upper 
Nose, upper and lower lips and chin 
Nose, nasolabial regions and u lip 
Nose, nasolabial regions, upper lip and auriculo- 
temporal regions 
Nose, Mee Uren, upper and lower lips, and 
auriculo-temporal regions 
Forehead 
Forehead and nasolabial 
Forehead, auriculo-temporal regions and upper lip 
—— auriculo-temporal regions, nose, upper and 
wer lips 
Forehead, nose, upper lip and ear lobes 
eto scalp, nose, nasolabial regions, upper and 
wer lips 
Forehead, scalp and auriculo-temporal regions 
Scalp, auriculo-temporal regions, nose, nasolabial 
regions and upper lip 
No sweating 


sweating, and it shows that the commonest regions where sweating occurred 
were the forehead, the auriculo-temporal regions, the nose, the nasolabial 
region, the upper and lower lips, the upper lip and the scalp. Sweating was 
always confined to the face and the scalp, and it was always bilateral and 
symmetrical, but different regions of the face did not begin to sweat at the 
same time and the sequence in which sweating appeared varied in different 
subjects. Fig. 1 shows sweating of the frontal and cervical hair-line, the 
auriculo-temporal regions, the nose, the nasolabial regions and the chin. Fig. 2 
illustrates profuse sweating involving almost the whole face. 

In nine subjects the experiment was repeated on another day, and it was 
found that in each subject sweating took place in the same places and in the 
same sequence as in the previous experiments. During the second experiment 
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chewing was extended in seven of these subjects for another 5 min by giving 
additional amounts of chillies after the first chilli had been voided from the 
mouth, and in three of these sweating was intensified in the regions which had 
been sweating before, while in two subjects such profuse sweating ensued that 
the different sweating regions merged with one another to cover almost the 


whole face; in the remaining two subjects further chewing of chillies had no 
added effect. 


(a) (0) 
Fig. 1. Regions affected by gustatory sweating. (a) Front view, showing distribution of sweating. 
Note sweat dripping down the face from the scalp. (b) Back view, showing sweat dripping 
down the neck from the scalp. | 


Concomitant physiological reactions. In every subject, including the subject 
who did not sweat, there was an immediate flushing of the face and reddening 
of the conjunctivae on chewing chillies. The flushing usually extended to the 
chest and shoulders, and was better observed in subjects with lightly pig- 
mented skins. In nine subjects there was venous engorgement in the temporal 
regions. In every subject there was marked salivation accompanied by varying 
degrees of lacrimation (Fig. 2) and nasal discharge. 


Effects of repeated and continued stimulation 
In three experiments on three subjects a constant amount of chilli paste was 
painted over the whole of the roof of the mouth, the cheeks and the tongue, 
7 times at intervals of 15-20 min, leaving the chilli in the mouth for 34 min 
each time, and in all three subjects the numbers of active sweat glands in- 
creased until the second or third test, after which there was a progressive 
decline. Fig. 3 illustrates this and it shows that the highest number of forty- 
34-2 
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four active sweat glands was obtained in the second test, after which the 
number of active glands decreased, so that no more than thirteen glands 
became active at any one time in the sixth test and no more than fifteen in 
the seventh. 


| Fig. 2. An example of profuse gustatory sweating involving practically the whole face. Note the 
tears streaming down over the cheeks and the facial expression suggesting discomfort. 


The effects of continued stimulation by chillies were studied in three experi- 
ments, the results of which are given in Fig. 4. Chilli paste was painted over 
the whole mouth of one subject and over the dorsum of the tongue in two 
others, so that the paste was in constant contact with the mucosa for 15 min. 
In all these experiments there was a distinct tendency for the numbers of 
active sweat glands to increase during the first 3 min and to decline slowly 
thereafter, so that after 15 min, sweating was absent in one subject and slight 
in the others. 

In all six experiments the sizes of the sweat spots, and therefore the rates of 
sweating, showed changes parallel with the number of active glands, but there 
were minor irregular variations both in the number of active glands (Fig. 4) 
and their sizes. Subjective sensations of pain or pungency also decreased 
towards the end of repeated or continued stimulation. 


Regions from which sweating could be elicited 
In six experiments different areas of the mouth were in turn and at intervals 
of 15-20 min painted with chilli paste, taking care not to allow the paste to 
spread over other areas. The subjects kept their mouths open and allowed the 
saliva to drip into a beaker. The order in which the paste was applied to 
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different regions was randomized. The areas studied were: (1) the tip and 
edges of the tongue; (2) the dorsum of the tongue in front of the row of cir- 
cumvallate papillae; (3) the hard palate; (4) the soft palate; (5) the posterior 
wall of the oro-pharynx; and (6) the inner walls of both cheeks. These areas 
are anatomically fairly well defined, and only a small amount of arbitrary 
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Fig. 3. Effects of repeated gustatory stimuli from the whole mouth on the number of active sweat 
glands in a circumscribed region. Numbers refer to successive tests at 15-20 min intervals. 


judgement was necessary in their definition. The chilli paste was left on each 
area for 34 min and the numbers of active sweat glands were counted from 
the moment of first applying the paste. 

In all experiments the largest number of active sweat glands was obtained 
when chilli was applied to the whole mouth. The individual regions in the 
mouth could be roughly classified into two groups, one consisting of relatively 
more sensitive areas, giving larger sweating responses and the other of less 
_ Sensitive areas giving correspondingly smaller responses. The more sensitive 
areas were: (1) the tip and edges of the tongue; and (2) the soft palate. The 
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less sensitive areas were: (1) the dorsum of the tongue; (2) the posterior 
pharyngeal wall; (3) the hard palate; and (4) the inner walls of the cheeks. 
However, there was some individual variation because in two subjects stimu- 
lation of the dorsum of the tongue elicited a comparatively large sweating 
response, and stimulation of the posterior pharyngeal wall elicited a compara- 
tively large response in one subject. Fig. 5 gives the results of a typical experi- 
ment, and it shows that the results did not depend on the order in which the 
different regions of the mouth were tested (cf. Fig. 3). 


Tongue 


8 


8 Bo 


Number of active sweat glands 


Ss 8 8 


Tongue R 


Min 


Fig. 4. Effect of prolonged stimulation of tongue or mouth by chilli paste. 
R signifies repainting with iodine. 


The magnitude of the response was related to the degree of pungency 
experienced by the subjects when different areas were stimulated. This was 
shown very clearly when the tip of the tongue and the hard palate were 
compared. In the former region an intense burning sensation was associated 
with a high rate of sweating and in the latter a mild sensation was accompanied 
by correspondingly mild sweating. In three experiments, moreover, chilli 
paste was painted on the lips, and the presence of sweating was observed by 
Minor’s qualitative technique. When in contact with the lips, chilli elicited 
intense pain, and this was accompanied by sweating in the same regions as 
those which were affected when chillies were placed in the mouth. 

In twelve of the experiments on the distribution of sweating (see above) 
the subjects were asked to swallow the chilli after they had been holding it in 
the mouth for 5 min, but no further sweating was observed in any of these 
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subjects, although all of them felt ‘hot in the stomach’. The absence of sensi- 
tive areas for gustatory sweating in the stomach was further demonstrated in 
two subjects who swallowed an amount of chilli paste equivalent to two 
chillies after their mouths had been anaesthetized by a 5% ‘Borocaine’ 
(benzamine borate) solution, and who showed no sweating after doing so. 
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Fig. 5. Sensitivity of different regions of the mouth to stimulation with chilli. W, whole mouth; 


7’, tip and edges of tongue; S, soft palate; D, dorsum of tongue; P, posterior pharyngeal wall; 
H, hard palate; J, inner walls of cheeks. Numbers indicate the order in which regions were 
tested. 


Rates of salivation. Saliva was collected and its volume measured in the six 
subjects in whom various parts of the mouth were painted with chilli paste. 
There was some correlation between the volume of salivary secretion and the 
amount of sweating elicited from each region, but this did not apply to the 
posterior pharyngeal wall, stimulation of which was followed by production 
of more saliva than when the whole mouth was stimulated in four subjects 
and of an equal volume in two. The volumes of saliva were very high. In four 
subjects they exceeded 20 ml. in 3 min when the whole mouth or the pharynx 
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was stimulated, and they only fell below 5 ml. in 3 min in six out of the forty- — 


two tests that were carried out. 


Effects of other stimulants 

Five per cent acetic acid solution produced slight sweating of the forehead 
accompanied by a transient flushing of the face in two out of eight subjects, 
and pepper produced slight sweating in three out of eight subjects. Solutions 
of 50% cane sugar, 0-5% quinine and 3% potash alum did not produce 
‘sweating in any of the eight subjects tested, although all of them sweated 
when chilli was given. Mustard elicited no sweating in the three subjects 
tested, although two subjects produced flushing of the face, lacrimation and 
nasal secretion. Water at 52-54° C held in the mouth did not produce any 
sweating, and a similar negative result was obtained when hot water at 
73-85° C or oat gruel at 52° C was swallowed. Neither of the two subjects who 
chewed sponge rubber produced any sweating, and the five subjects who 

swallowed a Ryle’s tube also did not sweat. 


Fig. 6. Inhibition of gustatory sweating by introduction of atropine into the skin. Dihydro- 
ergotamine was introduced by iontophoresis into a circular area on the right side of the 
subject’s forehead and atropine into a circular area on the left side. Note complete absence 
of sweating on the atropinized area. 


Nature of secretory fibres 
In four subjects, adjoining or symmetrical areas of the face, which had been 
shown to sweat in response to chilli, were treated by iontophoresis with atro- 
pine and dihydroergotamine respectively. Atropine inhibited sweating in all 
four subjects and dihydroergotamine had no effect in any of them. Fig. 6 
illustrates the action of these two drugs on gustatory sweating in one subject, 
and it shows complete inhibition of sweating by atropine. 
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Comparison of gustatory and thermal stimuli | 

In seven subjects sweating in response to gustatory and thermal stimuli 
was compared, and the subjects were so selected that all regions of the face 
and the scalp known to produce gustatory sweating were represented among 
them. After immersion of the feet and legs in a hot-water bath, the regions 
that started to sweat first were invariably the same as those which first 
responded to the chewing of chillies, and the order in which sweating began 
in other regions was exactly the same as in gustatory sweating. In two subjects 
gustatory sweating began after a comparatively long latent period and the 
sweating was mild, and these subjects showed the same features when they 
sweated after immersion of their limbs in hot water. Fig. 7 illustrates the 
close correspondence between regions affected by thermal and gustatory 
sweating. . 


a (b) 

painful expression when mouth contains chillies. (a) Gustatory sweating. (+) Thermal 
sweating. 

Table 2 summarizes four experiments in which the subjects were cooled and 
warmed by various means before chewing chillies, and it gives the skin and 
mouth temperatures after cooling or warming as well as the maximum 
numbers of active sweat glands in the same area after each change of environ- 
ment or activity. Both the temperature values and the maximum numbers of 
active sweat glands varied in the same direction, so that when the temperatures 
rose the numbers of secreting sweat glands increased, and when the tempera- 
tures decreased the sweating was either reduced or completely abolished. The 
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time interval between placing chillies in the mouth and the onset of sweating 
also decreased by warming. Fig. 8 demonstrates the inhibition of sweating 
after the subject sat still at an environmental temperature of 14° C for 45 min, 


TaBez 2. The rela between the maximum number of active sweat glands elicited by the 
presence of chillies in the mouth and the skin and mouth temperatures 
Temperature (° C) Max. no. 
A sweat 
Subject Condition Forehead Chest Finger Mouth glands 
AC Before cooling 34-7 33-4 35-2 36-8 69 
After cooling 32:5 29-6 23-2 36-0 9 
On warming 34-7 34-0 34-7 36-8 143 
JC After cooling 32-0 31-5 21-0 35-9 0 
On i 34:3 34-5 32-0 36-5 0 
On further 34-7 34-3 33-3 36-9 34 
After cooling again 32-5 33-0 23-2 36-4 3 
JA Before cooling 35-5 34-7 34-7 37-5 59 
After cooling 32-8 31-8 21/8 37-0 22 
BK Before exercise 35-2 34-3 35-0 37-1 5 
Immediately after 34-0 35-5 35-5 37-4 19 
exercise 
95 min after exercise 35-2 35-0 35-5 37-2 3 
: 140 At 29°C after cooling 
100 


At 29°C before cooling 


3 


After 45 min at 14°C . 


Number of active sweat glands while chewing 


0 1 2 3 4 ery 


Fig. 8. Effect of different environmental temperatures on gustatory 
sweating in a representative area of the face. 


and it shows that the onset of gustatory sweating was delayed and the number 
of active glands reduced by cooling. After leaving the cold room, sweating in 
response to the same gustatory stimulus increased, This corresponded to 
sweating observed after cooling (Glaser & Lee, 1953) and it was probably a 
central nervous phenomenon superimposed on gustatory sweating. 
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DISCUSSION 


Characteristics of physiological gustatory sweating. It may be concluded that 
in a tropical climate sweating of the head almost invariably takes place when 
chillies are in contact with the mouth, but that sweating is difficult to elicit 
by other gustatory stimuli, while mechanical and thermal stimuli are ineffec- 
tive. Although there were large individual variations both in the regions of 
the head affected by sweating and in the intensity of the response, the results 
suggested that under constant conditions and in any one individual, gustatory 
sweating always involves the same regions. In the present experiments 
sweating was always bilateral and symmetrical, whereas in most cases of 
pathological gustatory sweating only one side is affected (Uprus, Gaylor & 
Carmichael, 1934; Wilson, 1936; List & Peet, 1938a; Haxton, 1948) and this, 
coupled with the present findings of marked concomitant responses (such as 
flushing, salivation and lacrimation), suggests that there may be a funda- 
mental difference between pathological and physiological gustatory sweating. 

As may be expected, gustatory sweating conforms with known charac- 
teristics of reflex responses. Thus the finding that more and more sweat 
glands became active in response to a constant stimulus until a maximum 
number was reached suggests that recruitment took place, and the observation 
that the rate of secretion also increased suggests facilitation. With continued 
stimulation, however, both the number of active glands and the apparent rate 
of secretion decreased, and this suggests adaptation in the receptors, which 
was borne out by the fact that the initial sharp burning sensation experienced 
by the subjects became duller towards the end of each test. Since a few 
minutes elapsed before any signs of adaptation were noticed, the receptors 
must have been of the slowly-adapting type. In thermal sweating a similar 
increase in sweating (Kuno, 1934; Randall & McClure, 1949) followed by an 
eventual decrease (Hancock, Whitehouse & Haldane, 1930; Gerking & 
Robinson, 1946) has also been shown to exist. It cannot be excluded, how- 
ever, that fatigue in the reflex pathways played some part in the diminished 
response after repeated or continued stimulation with chilli. Exhaustion of 
secretory power in the sweat glands is unlikely to take place after such a short 
time (Randall, 1947). The relationship between gustatory and thermal 
sweating provides interesting examples of facilitation and of convergence on 
a final common pathway. 

The sensory receptors. Capsaicine, the active constituent of chilli is a 
powerful irritant (Burkill, 1935). The fact that in the mouth, chilli caused 
a painful burning sensation and that when different regions of the mouth were 
stimulated the degree of sweating varied with the intensity of the burning 
sensation experienced, suggests that pain fibres may play a predominant role 
in the receptor mechanism of normal gustatory sweating. The appearance of 
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sweating when the lips were painted with chilli confirms the importance of 
pain fibres in gustatory sweating, since no taste fibres exist in these regions. 


This is further supported by the absence of any response when the taste ~ | 


receptors were stimulated with sugar, quinine and potash alum. Moreover, 
pepper and mustard were inferior excitants to chilli both with respect to pain 
and sweating. It seems possible to conclude, therefore, that the degree of 
response varied with the degree of burning sensation produced by the various 
stimulants, and that taste fibres played only a minor role in the production of 


physiological gustatory sweating. In pathological gustatory sweating taste — | 


fibres play a predominant part (Haxton, 1948) and this adds further weight<o 
the opinion expressed above that the two conditions are fundaméiitally 
different. Since mechanical or thermal stimulation, such as that caused by 
chewing or swallowing a tasteless substance or warming of the mouth with hot 
water, did not produce gustatory sweating, it seems safe to conclude, further, 
that the exteroceptive sensory fibres of the fifth nerve carrying tactile, pressure 
and heat impulses are not the afferent mechanism. 

The effector mechanism. The fact that atropine inhibited sweating and di- 
hydroergotamine had no effect show that the sudomotor fibres responsible for 
gustatory sweating are cholinergic and are not different from those controlling 


thermal sweating (Dale & Feldberg, 1934; Chalmers & Keele, emotions . 
ing from central 


sweating (Chalmers & Keele, 1951), and other forms of sweat 
nervous excitation (Glaser & Lee, 1953). 


It could not be conclusively shown whether the same glands did indeed 
respond to gustatory as well as thermal stimulation, but the close corre- 
spondence in the pattern of both of these responses (Fig. 7) seems to justify the 
conclusion, that those sweat glands which participate in gustatory sweating 
have a low threshold for thermal sweating. If this is considered in conjunction 
with the findings that cooling of the body reduced or completely inhibited 
gustatory sweating, while warming the body increased it, the conclusion may 
be made that the neurones of sweat glands concerned in gustatory sweating 
were at a subthreshold level of excitation for thermal sweating and were fired 
off by a gustatory stimulus that would otherwise have had no effect. This 
seems to provide a satisfactory explanation of the fact that gustatory sweating 
is seldom seen in a temperate climate (List & Peet, 1938a, b; Haxton, 1948; 
Tankel, 1951), and that on the rare occasions when gustatory sweating is 
encountered in such a climate it is confined to small areas of the face. 


SUMMARY 
1. By using Capsicum minimum (chillies) as an excitant, gustatory sweating 
was elicited in forty-five out of forty-six young men in a tropical climate. 
2. Randall's method for counting sweat glands was modified to give 
repeatable quantitative data. 
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3. Physiological gustatory sweating is symmetrical, and it is confined to the 
head and exceptionally the neck. The regions involved and the extent of 
sweating are constant in each person under the same experimental conditions, 
but there is much variation between different persons. 

4. Gustatory sweating is invariably accompanied by flushing of the face and 
the upper part of the body, salivation, lacrimation and nasal secretion. The 
intensity of these reactions varies in different people. 

5. Sweat gland activity in response to gustatory stimuli exhibits recruit- 
ment, facilitation and adaptation or fatigue. 

6. The evidence suggests that the sensory receptors mediating gustatory 
sweating are pain fibres. Substances which stimulate the taste fibres without 


- causing pain do not give rise to gustatory sweating. There is no evidence of any 


receptors for gustatory sweating in the oesophagus and stomach. 

7. The sudomotor fibres are cholinergic. 

8. Warming the body facilitates, while cooling the body inhibits or 
abolishes gustatory sweating, and the evidence suggests that the sweat glands 
which respond to a physiological gustatory stimulus have a low threshold for 
thermal sweating so that the gustatory stimulus merely causes secretion in 
sweat glands which are already at a subthreshold level of excitation for thermal 


sweating. 
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RETINAL PIGMENT AND THE HAIDINGER EFFECT 


By E. J. NAYLOR anp A. STANWORTH 
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(Received 12 January 1954) 


The cause of the Haidinger effect (that is, the dependence of sensation in the 
central retina on the polarization of the incident light) has been discussed at 
length in the literature, but no unanimity has yet been reached. The main 
possibilities remaining for discussion (Stanworth & Naylor, 1950) are that the 
effect may be due either to variations in absorption by macular pigment, or to 
absorption by orientated blue receptors. In the former case the amount of 
light transmitted by the pigment, and therefore reaching the retina, would 
vary according to the degree and direction of orientation of the pigment: in 
the latter case the amount of light absorbed would be dependent on orientation 
of the receptors themselves. The spectral distribution of the effect would be 
that of the pigment responsible, and therefore measurements of the effect 
could be used to decide between the two hypotheses; once that has been done, 
the magnitude of the effect constitutes a method of estimating the spectral 
absorption of the pigment. 

Such measurements have been made by de Vries, Spoor & Jielof (1953). 
Their method, however, is open to the objection that they use a relatively 
large test field (3° in one direction) which must cover an area of the retina in 
which there is a marked variation in amount of orientation of pigment or 


_ Teceptors. Nevertheless, their results seem to establish that the major part of 


_ the effect is due to macular pigment. The results reported here were obtained 


by a different experimental method which utilizes a much smaller field and 


~ enables not only the spectral distribution but also the areal distribution of the 


effect to be measured. There are also some differences in the mathematical 


bases of the two methods. 
METHOD 


4 The method consists, essentially, of illuminating a small area of the retina alternately with light 


_ polarized in two directions mutually at right angles, and eliminating flicker by means of a density 


wedge, thus equalizing the subjective intensities. The calculations differ according to whether we 
assume that the effect is due to the macular pigment or to the blue receptors. In either case 


 & function is obtained which can be plotted as ordinate against the wavelength as abscissa. 
_» Allowance has to be made for the double refraction of the optical media of the eye; this double 
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refraction has been measured separately by a method which has not hitherto been used for this 


The measurement of the subjective intensities 

The arrangement of the apparatus is outlined in Fig. 1. The light source was a 6 V 108 W ribbon 
filament lamp used either alone or to illuminate the slit of a constant deviation monochromator. 
A collimated beam was divided into two beams by the semi-silvered mirror M,, and each passed 
round two sides of a square. One beam passed through a neutral density wedge D and was 
polarized vertically by a nicol prism N, so that it was relatively unaffected by the subsequent 
reflexion at the second semi-silvered mirror M,. The other beam was polarized horizontally by the 
nicol prism N, and, after passing through M,, followed the same path as the first beam. A circular 


N; 


™ 


D 7 


Fig. 1. Schematic diagram of the apparatus for measuring the Haidinger Effect. 


aperture in a white screen W formed the test field, generally }° in diameter, which was seen in 
Maxwellian view by the observer 2. An aperture 4 mm in diameter was used as an artificial pupil 
for the subject, who was provided with a chin and forehead support. A series of small fixation 
marks at }° intervals in the horizontal and vertical planes was provided on the screen which was 
illuminated by light of approximately the same hue and intensity as the test field. The majority of 
experiments were performed with the image of the test field falling 1° from the fixation point in 
either the vertical or horizontal meridian. A sector wheel S interrupted the beams alternately 
at a speed below the critical fusion frequency so that the subjective intensities of the beams could 
be equalized by manipulating the density wedge until the sensation of flicker disappeared. When 
this occurred the position of the wedge was noted. 

In order to secure a smooth change over from one beam to the other without temporary 
fluctuations in the distribution of the light in the observer’s eye, an inverting prism was inserted 
at P, so that the test field was completely filled with light at all times. In order to find the setting 
of the wedge necessary for physical equality of intensity of the two beams, a polaroid sheet was 
positioned between the observer and the test field so that its axis lay at 45° to those of the nicols. 
The percentage transmission of the sheet was thus the same for both vertically and horizontally 
polarized light. Absence of flicker was attained by moving the wedge, and readings were taken 
with central fixation and at 1° from the centre in the four principal meridians; the mean of these 
readings, which did not vary significantly with the dizection of fixation, was taken as the required 
setting for the day (d,). 
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All experiments were performed with the head vertical and the readings were taken in sets of 
four, each set being separated from the next by an interval of about 1 min; in this way fatigue 
of the observer was brought to a minimum. 


Mathematical basis 
The basic approach has been given by de Vries ef al. (1953). The dichroic particles, whether 


macular pigment or receptoral, are assumed to consist of a plane layer with an orientated fraction X 
superimposed on an otherwise random distribution; we can then consider that a fraction ,4(1 + X) 


_ is parallel to the direction of orientation and }{1-—X) perpendicular to this direction. It is 


assumed that X is constant for all wavelengths; this is equivalent to assuming that only one 
pigment is responsible for the effect. In the case of macular pigment the transmissions a (perpen- 
dicular to the direction of orientation and radial with respect to the fixation point) and b (paralle) 
to the direction of orientation) are given by 10-#!-*)” and 10-#+*)? respectively. It is easy to 
show that if G=a/b then log G, = DX, =d, —d, and log G, = DX,, =d,, —d,, where D is the optical 


_ density of the pigment, d, is the wedge setting for physical equality of intensity, d is the wedge 


r 


setting for subjective equality of intensity and the subscripts r and u refer respectively to fixation 
points to the right of and above the test field. A curve relating log G to wavelength can thus be 
obtained from the experimental results, and this should be compared with the absorption curve 
of the macular pigment, measured as an optical density. 

The presence of an additional polarizer reduces the available light so much that readings of d, 
are unreliable at wavelengths less than 460 my, but using measurements at longer wavelengths 
in conjunction with the above formulae a value can be obtained for log G,/log G, =P (say); 
since X is constant, P will also be constant for all wavelengths. Once the value of P is determined, 
G, and G,, can be obtained at all wavelengths from the values of d, and d, only, using the relation- 


log G,=P(4,-4,)(1+P) and log G,=(4, ~4,)/(1 +P). 

Let us now assume that the macular pigment is not orientated but that the blue receptors are. 
Let us also assume that the luminosity associated with any one type of receptor is proportional 
to the amount of light absorbed by the receptor and that the absorption by a pigment of density D 
is equivalent to D for small values such as are found in the retina (Dartnall, 1953). Then the total 
luminosity produced is: 

Perpendicular to the direction of orientation u +» + (1 -X)=a, 
Parallel to the direction of orientation u + v+w (1+X)=5, 


where u, v and w are the luminosities associated with unorientated red, green and blue receptors 
respectively. If G=6/a (not a/b, since any orientation of the blue receptors will be perpendicular 
to that of the macular pigment in order to give the same effect), then G=(1 + BX)/(1 — BX), 
where B=w/u+v+w, i.e. the contribution of the blue receptors to the luminosity curve. 

The value of G obtained from the experimental results should therefore be compared with this 
value rather than with the absorption curve of the blue receptors as was done as a first approxima- 
tion by de Vries and his colleagues. The value to be used for B is, of course, not known exactly, 
but we have taken the value obtained from the Z curve of the ICI observer, which, according to 
de Vries (1946), corresponds to the basic sensation curve of the blue receptors. 


The double refraction of the optical media 

The optical media are known to have a double refraction equivalent to a retardation plate of 
about 50 my with the axis of the plate inclined downwards and nasally (Boehm, 1940). This will 
affect the polarized light reaching the retina and must be taken into account in calculating the 
results. 

The apparatus used to measure this double refraction is shown in Fig. 2. Light from a brilliant, 
diffuse source S is observed through a filter F (Wratten 45) with a maximum transmission at 
480 my. The light is polarized by a polarizer P, and Q is a quarter-wave plate for 480 my with its 
axis clearly marked. D and A represent, respectively, the retardation plate corresponding to the 
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optical media, and the retina of the observer. With a fixed position of the quarter-wave plate the 
polarizer is rotated, resulting in the appearance of rotating Haidinger brushes. The setting of the 
polarizer such that the brushes are seen parallel to the axis of the quarter-wave plate is noted; 
this is repeated for successive positions of the quarter-wave plate at 10° intervals. The arrange- 
ment is similar to that described by Stanworth (1953), except that the light passes through the 
system in the opposite direction. Consequently, the maximum value of the angle between the 
position of the polarizer thus obtained and the axis of the quarter-wave plate gives the ellipticity 
of the emergent light and is equal to half the phase angle x of the retardation plate of the optical 
media. In this position the quarter-wave plate axis is at 45° to the axis of the retardation plate 
which is inclined to the horizontal at an angle ¢. 


Fig. 2. Schematic diagram of the apparatus for measuring the double refraction of the 
optic media. 


The effect of the plate is to modify the value of G, relating to intensities of light falling on the 
retina, to observed values @’, relating to light falling on the cornea, The relation between them 
can be derived as follows: 


Assuming that the macular pigment is orientated, if horizontally polarized light falls on the 
cornea, then, when looking to the right, the intensities that reach the receptors radially and 
tangentially polarized are, respectively, 

(1 —sin® 2¢ sin* $y) 10-49-77)? and (sin* 2¢ sin* $x) 
For initially vertically polarized light, the corresponding values are 

(sin® 2¢ sin* $x) and (1 —sin* 2¢ sin* 4x) 
Also log G, (the true value) = DX, and consequently 


G; (the observed value) = 1 +[(G@,—1) (1 2 sin*¢ sin* }y)]/[1 + (G, 1) (sin® 2¢ sin* }y)). 
From which we obtain 
G, = 1 +(@;, —1)/[1 —(sin® 2¢ sin* $x) (@; + 1)]. 
A corresponding formula connects G, and G,, and it can easily be shown that the same relation- 
ships hold if the blue receptors are orientated. 

De Vries and his colleagues avoided the necessity for these corrections by tilting the head to one 
side, so that when the eye was tilted at the correct angle the light entering the cornea would be 
polarized along the axis of the retardation plate formed by the optical media. It should be 
remembered, however, that the tilt of the head is not an accurate indication of the tilt. of the eye 
(Duke-Elder, 1988), but this complication affects mainly the values obtained for angle ¢ and has 
little inftuence on the final conclusions. 


RESULTS 


The retardation of the optical media of the eye of this observer was found to 
be 40° at 480 my, the slow axis of the plate being inclined downwards and 
nasally at an angle of 30° to the horizontal. Corresponding phase angles were 


calculated for all wavelengths investigated and these values were used in the 
subsequent calculations. 
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It was found during measurements of the Haidinger effect that there was 
considerable variation in the setting of the density wedge from day to day. 
This variation was due in part to variations in light intensity and flicker speed 
and was accentuated if readings were not taken in a continuous series. A like 
state of affairs was found by de Vries (1948) in somewhat similar experiments 
and the whole subject has been explored by Blackwell (1952). The variation 
made it difficult to obtain curves showing the effect at the whole range of 
wavelengths used, since readings from successive sessions could be pooled 
only if it could be shown that there was no significant difference between them. 


The results presented here are those which satisfy this condition, and except 
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Fig. 3. Contribution of the blue receptors to the luminosity curve. Ordinate: fractional contri- 
bution B: calculated (filled circles), theoretical (continuous line). Abscissa: wavelength, my. 


where stated are obtained from thirty-two readings, taken in batches of four, 


_ at each wavelength. The many additional readings taken, but not included 

_ in the following analysis, were all in series covering only a restricted range of 
_ wavelengths, and served to show that the variations affected the height 
_ tather than the shape of the curves produced. 


The continuous line in Fig. 3 shows the contribution of the blue receptors 


_ to the luminosity curve at different wavelengths, calculated as in the previous 
_ section; the individual points show the values of B calculated from the experi- 
_ mental results using the value of X which gives the best fit. The irregular 
_ distribution is strongly against the blue —_— being the main cause of the 
| Haidinger effect. 
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Fig. 4 shows the same results recalculated on the basis that the macular 
pigment is responsible for the effect. The continuous line represents the spectral 
absorption of xanthophyll in chloroform ; the individual points show the optical 
density of the orientated portion of the macular pigment calculated from the 
experimental results. It will be seen that there is a general correspondence 
except for the suggestion of an additional maximum in the experimental 
results at about 520 mp. Readings taken from 560 to 610 mp showed no 


significant effect. 


016 


400 420 440 460 480 500 560 
Amp 
Fig. 4. Optical density of macular pigment. Filled circles: values of log G (proportional to optical 
density of oriented pigment) calculated from the experimental results, with bars indicating 


5% fiducial limits. Continuous line: optical density of xanthophyll in chloroform. Abscissa: 
wavelength, my. 


Fig. 5 represents the results of experiments performed with the mono- 
chromator entrance slit narrowed; the exit slit was 4 my wide at 492 my. The 
reduced illumination prevented readings from being made at wavelengths 
below 455 my and rendered the setting of the wedge more difficult. Sixteen 
readings were taken every 5 my ; 8 maximum is seen at 485 my, and the curve 
rises towards another higher maximum at the shorter wavelengths. In 
addition, a well-marked maximum was found at 520 my, and in order to 
investigate this more precisely further readings were taken in this region, 
resulting in a much less standard error. The results from thirty-two readings 
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taken on the same day are shown in the inset to Fig. 5; the maximum is seen 
to be at 515 my. Owing to the variation in results from day to day, as men- 
tioned above, pooling of these results does not necessarily lead to any diminu- 
tion in the standard error; nevertheless, the pooled results of all readings, 
eighty at each wavelength, over this range with this width of slit gives results 
which are almost indistinguishable from those in the inset of Fig. 5. 


0165 
0-14F 
0-12 


0-10 } 


Amp 
Fig. 5. Optical density of macular pigment, using narrower slits in monochromator. 
Otherwise as in Fig. 4. Inset: further readings in region 505-530 my. 


The results obtained from eighty readings in white light give a corrected 


_ value for G, of 1-037 (s.2. +0-005). De Vries (personal communication) has 


pointed out that this measurement might form an additional way of deter- 
mining whether or not the macular pigment or the blue receptors is responsible 


_ for the effect. On the blue receptor hypothesis, the calculations which gave 
_ the best fit (Fig. 3) were based on a fractional orientation X of 0-17. Since, in 
white light as a whole, the maximum value for the contribution of the blue 
_ Teceptors is probably about 0-05, we can obtain a maximum predicted value 
_ for G, of 1-016, which is well below that found. On the macular pigment 
_ hypothesis, however, the value of G, found at each wavelength can be com- 
_ bined with the contribution of the wavelength to the luminosity curve of 
white light (Gibson & Tyndall, 1923) leading to an estimated value for G, of 
_ 1-024, which is within the limits of 1% probability. 
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Measurement of the areal distribution of the effect was carried out in the 
horizontal and vertical meridians, using a }° test field at a wavelength of 
480 my, and fixation points every }° from 0 to 3°. The results are shown in 
Fig. 6, from which it will be seen that the effect is greater in the horizontal 
than in the vertical meridian and that the maximum is about }° to 1° from 
the point of fixation. There is also a noticeable effect centrally. 
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008 
Fig. 6. Areal distribution of Haidinger effect, ordinate as in Fig. 4; values in horizontal meridian 


shown as positive and in vertical meridian shown as negative. Abscissa: distance of test field 
from fixation point in degrees. 


DISCUSSION 


These results establish that the main cause of Haidinger’s brushes must be 
absorption by orientated macular pigment. This in itself, however, is not a 
complete explanation of the phenomenon for the reasons given previously 
(Stanworth & Naylor, 1950). Such absorption would be expected to lead to the 
appearance in white light of a yellow colour of varying intensity, rather than 
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to yellow and blue sectors. In addition, the blue sectors give the subjective 
impression of a positive phenomenon rather than of simple contrast. The 
explanation appears to be that local adaptation in the retina must be involved. 
The almost instantaneous level of adaptation reached in the area covered by 
the macular pigment corresponds not to that of the periphery of the retina 
but to a new level which is approximately the average of the total illumination, 
and it is this level that is interpreted as white. The diminution in one sector 
of the effective blue light leads therefore to a somewhat darker yellow colour, 
and the relative excess of blue light in the other sector leads to a positive blue 
sensation, even though the level reached is still not that of the peripheral retina. 

In the past there has been some controversy as to the existence of macular 
pigment, but these results add weight to the general belief that the pigment 
does in fact occur in the retina during life. The complete interpretation of the 
spectral distribution, however, is not simple. Too much emphasis should not 
be placed on the close correspondence between the maxima of curves obtained 
from visual experiments and those found for a solution of xanthophyll in 
chloroform. The spectral absorption curves of carotenoids can be changed 
considerably (by as much as 40 my) by using different solvents, and are not 
sufficient in themselves to establish the exact identity of a carotenoid: as we 
have no real knowledge of the state of the pigment in the retina, the agreement 
of the absorption maxima may be coincidental. Wald (1945), however, 
extracted pigment from human maculae, and found that its absorption curve 
corresponded to that of xanthophyll. The maximum we have found at 515 mu 
is a very unusual one in carotenoids; it was considered whether or not this 
could be produced by a slight contributory effect from blue receptor orienta- 
tion, but this seemed unlikely. It is possible, of course, that it is due to an 
admixture of a second carotenoid. 

The present experiment does not in any way measure the total amount of 
macular pigment present but only estimates the orientated pigment. It cannot 
therefore in itself form a basis for calculating the magnitude of any allowance 
to be made for the effect of pre-retinal absorption by this pigment, but it forms 
a basis for comparing the magnitude of this allowance at different wavelengths. 

The areal distribution shown in Fig. 6 is that of the orientated portion of 
the pigment and does not, of course, necessarily correspond to the distribution 
of the total amount of pigment. That this correspondence does in fact exist, 
however, is shown to be likely from the similarity in form between this dis- 
tribution and the entoptic impression of Maxwell’s spot (Maxwell, 1856). This 
is seen by this particular observer as a horizontal bar passing through the 
fixation point and enclosed within a ring. The horizontal bar corresponds with 
the marked effect seen at the point of fixation, and the blank in the upper and 
lower portions of Maxwell’s spot, which is most marked above, corresponds 
with the tendency for the effect to be absent 14° below the fixation point. 
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The marked effect at the fixation point also fits in with the fact that this 
observer sees Haidinger’s brushes with a colour at the centre always the same 
as that of the horizontal brushes. Both this appearance and the distribution 
of the effect throughout the whole area are likely to be highly individual and 
to vary with different observers. 


SUMMARY 


1. The Haidinger effect has been measured by a flicker method, and its 
spectral and areal distribution plotted. 

2. Allowance has been made for the double refraction of the optic media, 
which has been measured separately by a new method. 

3. The results indicate that the macular pigment is responsible for the effect. 

4. The absorption curve of the pigment corresponds to that of xanthophyll, 
but the identification cannot be considered certain. There is an additional 
maximum at 515 my which could be due to a second pigment. 

5. The results form a basis for comparing the allowance to be made at 
different wavelengths for the macular pigment in the interpretation of spectral 
sensitivity curves. 

6. The areal distribution of the orientated pigment shows that it is more 
marked in the horizontal meridian, and that it corresponds to the observer’s 
entoptic impression of Maxwell’s blue spot. 
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THE EFFECT OF MAGNESIUM ON THE ACTIVITY 
OF MOTOR NERVE ENDINGS 


By J. pet CASTILLO any B. KATZ 
From the Department of Biophysics, University College, London 
(Received 25 January 1954) 


It has been shown by Castillo & Engbaek (1954) that the effects of calcium 
and magnesium on the neuromuscular junction are mutually antagonistic. 
The end-plate potential (e.p.p.) can be reduced and transmission blocked by 
either lowering Ca or increasing Mg concentration, and the Mg block can be 
cancelled by raising Ca above its normal level. There is evidence that both 
ions influence, in an opposite manner, the release of acetylcholine (ACh) from 
nerve endings, the amount liberated per impulse varying directly with Ca, and 
inversely with Mg, concentration. These observations suggest that some 
calcium compound may act as an intermediary during the release of ACh 
from motor nerve endings, and that magnesium inhibits the process by 
displacing calcium from its strategic position. 

This idea links up with a different line of speculation coming from a study 
of the spontaneous miniature e.p.p.’s (Fatt & Katz, 1952a, b, 1953). The 
miniature e.p.p. appears to be due to a synchronous release of a large number 
of ACh ions from discrete spots of the nerve terminals. Its origin is as yet 
unknown, but it has been suggested that the primary event could be the 
activation of a specific carrier molecule which is responsible for the rapid 
transfer of a large number of ACh ions (Fatt & Katz, 1953). During nerve- 
muscle transmission, it has similarly been proposed (see Fatt & Katz, 19525; 
also Hodgkin, Huxley & Katz, 1949; and Gordon & Welsh, 1948) that the 
nerve impulse acts in the first instance by releasing such carrier molecules 
(X’) from an inactive calcium compound (CaX) giving rise to an e.p.p. which 
is a statistical fusion of miniature potentials. Ca deficiency or Mg excess 
would, therefore, inhibit ACh release by depleting the store of an essential 
precursor CaX and thereby reducing the number of available ‘carriers’. 
Moreover, this would explain why the e.p.p. is diminished in a quantal ‘step- 


wise’ fashion, corresponding to the dropping out of whole miniature units 


(Fatt & Katz, 1952a; Castillo & Engbaek, 1954; Castillo & Katz, 1954). 
An obstacle to this hypothesis was that Ca had no effect on spontaneous 
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activity. One would expect that an agent like Ca lack, which reduces the 
number of available responding units, would also diminish the probability of 
spontaneous firing, but no consistent change of the firing rate was found 
(Fatt & Katz, 1952a). There remained the possibility that, in this instance, 
two opposite effects of Ca might have cancelled out (see Fatt & Katz, 1952 b): 
Ca lack is known to raise electric excitability; lowering the Ca concentration, 
therefore, although reducing the number of available carrier-units, might 
somehow lower their activation threshold, so that the total spontaneous firing 
rate remained unaltered. The use of magnesium, however, enables one to 
decide this matter; for while the actions of Mg and Ca on the e.p.p. are 
opposite, their actions on electric excitability are the same (e.g. Gordon & 
Welsh, 1948). Hence if we increase Mg, rather than lower Ca, then instead of 
cancellation we should get enhancement of the two effects: namely (i) reducing 
the number of responding units, and (ii) raising their activation threshold. 
On this view, the net result should be a drastic reduction by Mg of the 


spontaneous firing rate, at least as great as the reduction in size of the e.p.p. 
Tesponse. 


METHODS 


The effect of Mg on amplitude and frequency of spontaneous miniature e.p.p.’s was determined 
using the procedure of Fatt & Katz (1951, 1952a). The m. ext. 1. dig. IV of the frog (English Rana 
temporaria) was employed in which miniature potentials are relatively large and easy to locate. 
Prostigmine was used in a concentration of 10-* (w/v) to increase the size of the potentials 
further and improve the accuracy of measurement. Mg was substituted for osmotically equivalent 
amounts of Na (84 mm-MgCl, being taken as isotonic with 120 mm-NaC)). 

A recording microelectrode was inserted into muscle fibres at different points until spots with 
suitably large spontaneous potentials had been located. Records were taken from the same spots, 
before and after the muscle had been immersed in a Mg-rich Ringer and again after the Mg had 
been washed out. During the Mg treatment, nerve-muscle transmission was blocked and, in 
addition to the spontaneous activity, the end-plate response to a nerve impulse could be recorded 
without risk of damage. The characteristics of the reéponse will be described in the following paper. 

Sources of error and corrections. When comparing amplitudes of miniature e.p.p.’s, an allowance 
should be made for adventitious changes in resting potential, for the e.p.p. is known to vary in 
approximate proportion to the resting potential. In Table 2 below, the results have been shown 
with and without this correction. 

A systematic error must be considered when small rapid signals, like miniature potentials, are 
measured on a slowly moving ‘noisy’ base-line. The usual method of measuring a deflexion from 
the upper edge of the base-line to the top leads to an underestimate which may in extreme cases 
amount to half the thickness of the apparent base-line. This is due to the fact that the thickness 
of the base-line is exaggerated by random fluctuations which are too fast to be resolved photo- 
graphically and too slow to affect the height of the signal. The possible effect of this error will be 
considered when comparing magnitudes of miniature potentials in normal and Mg-treated muscles. 


RESULTS 


Frequency. In Table 1, the results of nine experiments are summarized 
showing that a magnesium concentration of 16 mm had no significant effect 


on the frequency of the spontaneous discharge (mean ratio of frequencies 
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normal/Mg treated was 0-97, s.z. + 0-12). The firing rate at individual junctions 
is unstable and subject to considerable progressive change (cf. Fatt & Katz, 
1952a); it is clear, however, that Mg failed to produce the predicted drastic 
reduction. 

In addition to the tabulated results many other experiments were made in 
which the e.p.p. response had been reduced to a small fraction of its normal 
amplitude by increasing Mg and lowering Ca: spontaneous miniature potentials 
were present in all these cases, with frequencies scattered over the wide range 
observed in normal muscles. 


Tasxe 1. Effect of Mg on frequency of spontaneous miniature e.p.p.’s 
In each e iment, successive observations were made on the same end-plate, when 23 mm- 


NaCl of the solution was Sia). Tho number ofa In Expt. 6, ve runs were made 
(three in Na alternating with two in Mg) Of th one Voried 
between 20 and 350 (average 80). 
Discharge rates (per sec) Frequency 
Expt. Na Mg ‘Na Na/Mg 
1 2-7 0-87 0-55 1-87 
2 0-26 0-4 0-32 0-73 
3 10 0-61 0-25 1-03 
4 0-63 0-89 — 0-71 
5 1-7 1-75 13 0-86 
6 2-51 4-48 a 0-56 
7 0-95 0-95 — 10 
8 1-2 0-94 0-65 0-99 
0-62 0-54 0-46 10 


Mean sizes of miniature potentials were measured in eight of the experiments summarized in 
and without a correction for variation 


in resting potential (see 


Corrected for 
Expt. Ratio, Mg/Na changes in 
1 0-51 0-54 
2 0-61 0-57 
3 0-54 0-53 
4 0-62 0-62 
5 0-68 0-71 
6 0-45 0-53 
7 0-74 0-78 
8 0-72 0-68 
Mean 0-61 0-62 (s.z. +0-03) 


Size. In Table 2, the results of eight experiments are summarized showing 
that Mg, at 16 mm reduced the amplitude of the miniature potentials to about 
60%. With a correction for observed variations of the resting potential (see 
Methods), the reduction factor became 0-62 (s.z. + 0-03). This value is likely 
to be too small because of a systematic error in estimating the thickness of 
the base-line (cf. Methods): an extreme correction would change the factor 
to 0-68 (+0-03), the correct value lying presumably between these limits. 
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E.p.p. response. When the response was recorded at the Mg-treated junction 
small e.p.p.’s of the order of 1 mV were found which fluctuated in amplitude 
during successive trials in the characteristic manner already described by 
Fatt & Katz (1952a) and Castillo & Engbaek (1954). It will be shown in the 
following paper that these fluctuations are due to random changes in the 
number of responding units, each contributing its miniature potential in an 
all-or-none fashion. 

DISCUSSION 


In conjunction with previous work (Fatt & Katz, 1952a; Castillo & Engbaek, 
1954) our experiments indicate that Mg and Ca ions, while controlling the 
release of ACh by motor nerve impulses, have little or no effect on the spon- 
taneous release mechanism which is responsible for the appearance of minia- 
ture potentials. The failure of Mg and Ca to influence the frequency of the 
spontaneous discharge is all the more surprising as both ions have a powerful 
action on the excitability of nerve and muscle. With Ca, it seemed conceivable 
that a balance of two opposite effects may have occurred (see the argument 
on p. 554), but the present results with Mg eliminate this possibility. 

The experiments suggest that a number of discrete steps intervene between 
the arrival of a nerve impulse and the release of ACh, and it will be worth while 
discussing them with the help of a simple scheme. 


Scheme A Scheme B Scheme C 
Spontaneous Spontaneous Spontaneous 
CaX x of 
(2) 
x’ 
N N 
CaX == Ca+X’ CaX == Ca+X = X’ CaX == Ca+ X’ 
X == X’ 


Fig. 1. Three alternative ways of explaining origin of e.p.p. and of spontaneous miniature 
discharges. N, nerve impulse; X, inactive, and X’, active ‘ACh-carrier molecules’. For 
further explanation see text. 


Scheme A (Fig. 1) represents the initial hypothesis outlined on p. 553. The 
impulse N releases, at each junction, numerous carrier molecules X’ from 
inactive precursors CaX. Each X’ is responsible for the release of a large 
number of ACh molecules. The reaction CaX + Ca+X’ also takes place 
spontaneously leading to a miniature potential, but is in some way catalysed 
by N, i.e. its probability is enormously increased. Block by deficiency of Ca 
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or addition of Mg is due to a progressive reduction of available precursor 
molecules. This simple hypothesis must now be abandoned because it requires 
that the reduction of the e.p.p. be associated with a reduction in spontaneous 
activity. The fact that one type of activity can be altered without affecting 
the other is accommodated in Scheme B which contains an additional step. 
The nerve impulse releases, in the first place, inactive carrier molecules X; 
they are spontaneously transformed to the active state X’ in which they 
release ACh and give rise to miniature potentials. In the absence of nerve 
impulses, spontaneous firing arises from the random activity of a pool of 
precursor molecules X, whose concentration is independent of Ca or Mg. 
Lack of Ca or excess of Mg blocks transmission during the first step without 
interfering with the spontaneous second step. 

Scheme B implies that a nerve impulse momentarily increases the rate of 
the spontaneous reaction (X - X’) by liberating a large number of molecules 
X, in excess of those present at rest. But as pointed out below this would 
require the release of some millions of carrier molecules at a single junction, 
an excessive amount which is in the estimated order of magnitude of released 
ACh molecules (Acheson, 1948). 

An alternative suggestion is that instead of two successive steps postulated 
in Scheme B, there are two different pathways, both leading to the appearance 
of active carriers X’. This is indicated in Scheme C: the reaction started by 
the impulse is the same as in Scheme 4, except that it does not take place 
spontaneously. Spontaneous activation of X is a different event which does 
not involve Ca or Mg, nor depend on the electric excitability of the 
membrane. 

Our reason for rejecting Scheme B is that it requires the liberation of an improbably large 
number of carriers. We arrived at this conclusion by comparing the probability of a spontaneous 
discharge, with that of a response to a nerve impulse. The normal e.p.p. at a single junction may 
be regarded as a statistical fusion of at least 100, probably a few hundred, active miniature units 
(Fatt & Katz, 1952a). Suppose we have a population of 500 units at each junction, and the 
average probability of a single unit being activated by one impulse is of the order of 1/3. Activation 
occurs at a fixed time interval after the arrival of the impulse; judging from the constant latency 
of the e.p.p. and its brief rising phase most of, or all, the contributing units must be activated 
synchronously within a fraction, say 0-5, of a millisecond. The average chance of any one unit 
discharging spontaneously during such a brief interval is p= 34 x 0-5/T', T being the observed mean 
interval, in msec, of the spontaneous firing. If the firing rate is 1 per sec, p=10-*. The nerve 
impulse increases this probability by a factor of about 3 x 10°. On Scheme B this would need 
a liberation of molecules X exceeding in numbers those normally present by a factor of 3 x 10°. 
This is hardly feasible on our present picture if X are to be carrier molecules, and not individual 
ACh ions. The latter possibility would imply that the spontaneous miniature e.p.p. is due to the 
collision of a single ACh ion with the motor end-plate, and this has already been dismissed on 
experimental grounds (Fatt & Katz, 1952a). It was incompatible with the finding that application 


of ACh did not change the frequency of the spontaneous potentials, though it must have raised 
the molecular collision frequency by several orders of magnitude. Nor did it fit the onssrvations 


that curarine and prostigmine produce graded changes in size and shape of the mini potentials, 
without significantly altering their frequency. & 
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The results might, of course, be interpreted in an entirely different way 
without linking them to any carrier hypothesis. It could, for instance, be 
argued that block by Mg or lack of Ca signifies failure of propagation into the 
terminal axon branches, the impulse being stopped at individual bifurcation 
points, while the spontaneous activity at the terminal is unaffected. The idea 
of a ‘bifurcation block’ is based on the reasonable assumption that the safety 
margin of an impulse would be reduced when it arrives at a region of membrane 
expansion. A hypothesis of this kind has been proposed for various situations 
(cf. Eccles, 1953; Katz, 1950), but in the present case it seems unattractive 
for the following reasons: (a) It is not clear why Ca and Mg should have 
antagonistic action at points of dichotomy, but not at other parts of a nerve 
fibre. (b) The reduction of safety factor at a bifurcation is not great, unless the 
surface expansion is very large. Suppose the axon diameter is reduced at each 
point of branching to 1/./2; then the ‘input resistance’ at the dichotomy falls 
to 2-%%5 times, about 0-84, of the characteristic resistance of the undivided 
line, requiring a correspondingly larger current for a threshold potential 
change. If there are, say, seven successive divisions the input resistance 
would fall to 0-3. Opposed to this is the effect of the ‘closed end’ of the line 
which approximately doubles the ‘input resistance’. The net result is that the 
nerve impulse does not lose very much of its safety margin as it enters the 
terminal arborization. Moreover, the safety factor would be lowest at the 
first point of division and increase again as the impulse passes on to the finer 
branches, for progressively fewer resting branches remain to be stimulated. 
If blockage does occur under abnormal conditions, it would probably be all- 
or-none and located at the first point of dichotomy, not in the terminal 
structures. (c) Finally, there is evidence (Castillo & Katz, 1954) that even 
under normal conditions only a fraction of the terminal apparatus is activated 
by a motor impulse and that the number of active units can be increased by 
raising the Ca concentration above the normal level. All this seems difficult 
to explain on ‘geometrical’ grounds, and to support a more specific explana- 
tion along the lines of the carrier hypothesis. 

The effect of Mg on the size of the miniature potential (30-40% reduction 
by 16 mm-Mg) requires some comment. It does not seem to be specific, for 
a small reduction is also observed with high concentrations of Ca (Fatt & 
Katz, 1952a). There is evidence that this action is largely, if not entirely, due 
to a ‘curarizing’ (i.e. post-synaptic) effect of Mg, for Castillo & Engbaek 
(1954) have shown that the depolarization produced by a constant dose of 
applied ACh is similarly reduced by Mg. | 
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SUMMARY 


1, Magnesium ions, in concentrations which nearly abolish the end-plate 
potential, have little or no effect on the frequency of spontaneously firing 
miniature e.p.p.’s and cause their amplitudes to be reduced to about 60%. 

2. It is concluded, from these and earlier experiments, that calcium and 
magnesium ions which influence in an antagonistic manner the release of 
acetylcholine by a motor nerve impulse, have no effect on the spontaneous 
release of acetylcholine which gives rise to a miniature e.p.p. 

3. Several hypotheses are discussed concerning the origin of the spontaneous 
potential and its relation to the normal end-plate response. 


We are indebted to Mr J. L. Parkinson for his unfailing assistance. This work was supported 
by a research grant made by the Nuffield Foundation. 
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QUANTAL COMPONENTS OF THE END-PLATE POTENTIAL 


By J. pet CASTILLO anp B. KATZ 
From the Department of Biophysics, University College, London 
(Received 25 January 1954) 


In this paper a further study is made of the spontaneous synaptic potentials 
in frog muscle (Fatt & Katz, 1952a), and their relation to the end-plate 
response. It has been suggested that the end-plate potential (e.p.p.) at a single 
nerve-muscle junction is built up statistically of small all-or-none units which 
are identical in size with the spontaneous ‘miniature e.p.p.’s’. The latter, 


therefore, could be regarded as the least unit, or the ‘quantum’, of end-plate — 


response. A convenient picture of how hundreds of such quanta, each capable 
of producing a miniature potential of 0-5-1-0 mV, can build up an e.p.p. of, 
say, 70-80 mV is provided by the hypothesis that separate parcels of acety!- 
choline (ACh), released from discrete spots of the nerve endings, short-circuit 
the muscle membrane. The unit changes of membrane conductance produced 
at many parallel spots summate and lead to an intense depolarization of the 
muscle fibre. 

Although this is a plausible view, there is no direct proof that the normal 
e.p.p. is made up in this quantal fashion. The evidence comes from experi- 
ments in which the ‘quantum content’ of the e.p.p. had been reduced to a 
small number by lowering the external calcium concentration (Fatt & Katz, 
1952a). It was then found that the size of the end-plate response approached 
that of the spontaneous potential and at the same time exhibited large random 
fluctuations, apparently involving steps of unit size. Similar observations were 
made by Castillo & Engbaek (1954) on muscles treated with Mg-rich solutions. 
The statistical behaviour of the end-plate response under these conditions has 
been investigated in more detail and subjected to a quantitative analysis. 


METHODS 


The technique for intracellular recording of e.p.p.’s and miniature potentials has been described 
in earlier papers (Fatt & Katz, 1951, 1952a; Castillo & Katz, 1954). The m. ext. L. dig. IV of 
English frogs was used, immersed in an isotonic solution containing concentrations of CaCl, and 
MgCl, adjusted so as to reduce the response to any desired level. In most experiments prostigmine 
(10~*, w/v) was added to increase the amplitude of the potentials (without altering their ‘quantum 
content’). The usual procedure was to locate a suitable spot with the internal electrode and record 
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spontaneous potentials on moving film. Then, a large number of end-plate responses to single or 
pairs of nerve volleys were recorded, using a swept time-base and one or a few seconds interval 
between records. Finally, another series of spontaneous potentials was recorded before the micro- 
electrode was withdrawn from the fibre. 

The amplitudes of the potentials were measured and their distribution displayed in a histogram. 
With low Ca and high Mg concentrations, all-or-none fluctuations are observed in successive 
records, with frequent total failures of e.p.p. response. Special importance was attached to the 
counting of ‘failures’ and ‘successes’, as their proportions provided a simple and decisive test of 
our hypothesis. A precaution which had to be taken was to guard against intermittent failures of 
response due to other causes, e.g. inadequate stimulation or nerve damage leading to block. The 
first source of trouble was avoided by using a strong shock, the second source could be recognized 
without much difficulty, because nerve block, if it occurred at all, developed in a rapidly pro- 
gressive manner and was unrelated to the size of the initial end-plate response. 

In several muscle fibres there was evidence of a remote, second, motor nerve supply (cf. Katz & 
Kuffier, 1941) producing small and slow miniature potentials and e.p.p. response. These were of 
discrete shape and could be discarded without ambiguity, when counting responses and measuring 
amplitudes. 

The ext. 1. dig. IV contains some muscle fibres of the ‘slow system’ supplied by small motor 
axons (Kuffler & Vaughan Williams, 1953; Katz, 1949). As most experiments were made below 
the level of propagated spikes, the question arises whether we may not sometimes have been 
recording from ‘slow’ muscle fibres. This is unlikely because the characteristics of the response 
were those of the e.p.p.’s of ‘twitch fibres’ (sharp localization and low threshold whenever tested, 
high resting potential, short latency, monophasic e.p.p. response). Spontaneous discharge of 
(Fatt & Katz, 1952a). 


RESULTS 
When a muscle was soaked in a solution containing approximately 10 mm- 
MgCl,, transmission became blocked and subthreshold e.p.p.’s could be 
recorded at individual junctions. A characteristic feature of these responses 
was their random fluctuation in successive records. This is illustrated in Fig. 1 
where twelve responses, together with some spontaneous miniature potentials, 
are shown. If the response was further reduced, by increasing Mg or lowering 
Ca concentrations, the amplitude fluctuations became even more pronounced 
and were found to be of discontinuous character. In the experiment of Fig. 2, 
for instance, the majority of records showed no response at all. On the average 
only about one out of seven nerve impulses elicited an e.p.p. whose size was of 
the same order of magnitude as the spontaneous potentials. 

This behaviour is characteristic of block by high Mg and low Ca, and very 
different from curare-block. With increasing doses of curarine the e.p.p., at 
individual junctions, is progressively reduced in size and may eventually 
become undetectable, but we have never found the response to be abolished, 
or to fluctuate, in the quantal manner shown in Fig. 2. 

If one proceeds to add Mg or withdraw Ca, a practical limit is reached when 
the e.p.p. response becomes too infrequent to be distinguished from a spon- 
taneous discharge. There are no differences in amplitude which would enable 
one to discriminate between the two forms of activity; the distinction 
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depends entirely on the constant latency of the response and random timing 
of the spontaneous discharges. In a normal frog muscle, at 20° C, the latency 
of the e.p.p. varies only within a fraction of a millisecond, but in the present 
experiments we have accepted 1-2 msec as the maximum latency fluctuation, 
and disallowed as ‘response’ any potentials which arose outside these limits. 
In practice, unless the frequency of spontaneous firing was high and the 


Fig. 1. Fluctuation of e.p.p. response at a single nerve-muscle junction, treated with 10 mm-Mg 
(Ca concentration was normal: 1-8 mm; prostigmine 10~*), Intracellular recording. In each 
ere ne posed responses are seen. Note scattered spontaneous miniature 
potenti 


frequency of responding very low, there was little chance of confusing a spon- 
taneous potential with an e.p.p.-response: for example, in Fig. 2 (latency of 
five ‘accepted responses’ being constant within 1 msec; spontaneous firing 
rate 2-2 per sec) the chances of one of the ‘accepted responses’ being ‘spon- 
taneous’ are about 5%, and the chances of more than one arising spontaneously 
are quite negligible. 

Most experiments were made at an intermediate level of blocking when the 
proportion of failures at individual end-plates was of the order of 50%. The 
_ Temaining responses were scattered in amplitude over a wide range, as illus- 

trated in Fig. 3. (Responses to pairs of nerve impulses are shown in this 
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figure.) Many e.p.p.’s fall evidently within the range of sizes of the spontaneous 
potentials. Others are larger and probably represent multiple units of response. 
It is interesting that the large e.p.p.’s occasionally show a just noticeable 
inflexion on their rising phase (e.g. Fig. 3, record C,) indicative of their com- 
posite nature and of imperfect synchronization of the contributing units. 


Fig. 2. This muscle was treated with reduced Ca (0-9 mm) and 14 mm-Mg concentration. The top 

part shows a few spontaneous potentials (traces separated by 1 mV steps). The lower part 

_ (below the 50 c/s time signal) shows responses to single nerve impulses. Stimulus artifact 

and response latency are indicated by a pair of dotted vertical lines. The proportion of 
failures was very high: there are only five responses to twenty-four impulses. 


The experiments of Figs. 1-3, made at different levels of neuromuscular 
block, have one feature in common, namely a wide fluctuation in e.p.p. 
amplitudes. In Figs. 4 and 5, the distribution of amplitudes in two experi- 
ments is shown, both of spontaneous potentials and response. It is clear that 
these results cannot be analysed, nor even satisfactorily described, without 


 @ statistical treatment. 


Suppose we have, at each nerve-muscle junction, a population of n units 


; (cf. Fatt & Katz, 1952a, 1953) capable of responding to a nerve impulse. 
_ Suppose, further, that the average probability of responding is p (the _— p 


< 
~ 4 
4 
€ 
4 
d 
‘ 
al 
q 
ay 4, 
« i 
og A 
~ 
ll 
/ 
¢ 
¥ 
5 


564 J. DEL CASTILLO AND B. KATZ 


may differ greatly for the individual constituents, but are supposed to remain 
constant during the experiment) then the mean number of units responding to 
one impulse is m=np. Under normal conditions, p may be assumed to be 
relatively large, that is a fairly large part of the synaptic population responds 
to an impulse. However, as we reduce the Ca and increase the Mg concen- 
tration, the chances of responding are diminished and we observe mostly 


Fig. 3. Muscle was treated with a solution containing 0-45 mm-Ca and 6 mm-Mg. Intracellular 
recording from single junction. A and B: spontaneous miniature e.p.p.’s. C: examples of 
responses to paired nerve impulses. Timing of stimuli N, and N, is indicated by arrows. 
Failure of response to N, in C, and C,, failure to N, in C, and C,, double failure in C,. 
50 c/s time signal applies to B and C. A was recorded on slow time base and shows two 
calibration steps of 1 mV. 


complete failures with an occasional response of one or two units. Under these 
conditions, when p is very small, the number of units z which make up the 
@.p.P. in a large series of observations should be distributed in the charac- 
teristic manner described by Poisson’s law (their relative frequencies being 
given by exp (—m) m*/z!). 

To test the applicability of Poisson’s law may seem difficult, because all we 
can do is measure amplitudes of supposedly composite e.p.p.’s; we cannot 
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count the components directly. The task is, however, made easier because the 
presence of spontaneous activity gives us an independent measure of unit size. 


We can obtain the value of m, i.e. the mean number of units responding to 


one impulse, in two ways: first, from the relation 
mean amplitude of e.p.p. response 


m =— 
mean amplitude of spontaneous potentials’ 
100 
200- 
0 
0 
100- 
N, N, 
0 
05 1 15 
mV mV 


(1) 


Figs. 4 and 5. Histograms from two end-plates, showing distribution of amplitudes of spontaneous 
miniature potentials and of the responses to pairs of nerve impulses (7 msec interval between 


N, and N,). Failures are not represented as a ‘class’, but their number is indicated by 
height of the shaded columns. 


the 


Equation (1) is a simple re-statement of our hypothesis, namely that the 


e.p.p. is made up of units of the same size (though not necessarily composed of 


the same individuals) as the spontaneous miniature potentials. Equation 


depends on the assumption that there is linear summation of the miniature 


(1) 


components of the e.p.p.: this is justified provided the amplitude of the e.p.p. 


is only a few per cent of the resting potential (cf. Fatt & Katz, 1951), but 


equation (1) fails to apply to larger responses. 


Secondly, we can use the first term of the Poisson series (exp (—m), for 


«=0) which gives the proportion of failures. Hence 
number of nerve impulses 
nae number of failures of e.p.p. response’ 
Combining (1) and (2) we obtain 
mean amplitude of response number of impulses 


(2) 


mean amplitude of spontaneous potentials Wise number of e.p.p. failures’ 


(3) 
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Equation (3) provides a useful test of our hypothesis and depends only on 
measurements of mean amplitudes and counting of ‘failure’ and ‘success’ of 
€.p.p. response. The results of several experiments in which this test has been 
applied are shown in Table 1 and Fig. 6. The agreement between the two 

include four experiments in which responses to of im have been utilized (N,-N, 


pairs pulses 
intervals 3-5—11 msec). It will be seen that the value of m (i.e. A/B or log, C/D) is larger for 
N, than for N,, an effect which is discussed in the following paper. 


tial No. of No. of 
response poten 


—> log. C/D 


| | 
0 1 2 
—>A/B 

Fig. 6. The results of ten experiments summarized in Table 1 have been plotted, showing the 

consistency of the two methods of determining the value of m (equations (1) and (2)). 
Ordinate: log, number of impulses | mean ©,p.p. response 

number of e.p.p. failures mean amplitude of spontaneous potentials 

The line corresponds to equality of these two estimates of m. 


Mean Mean spont. ‘ 


(mV) (mV) impulses 
Date (A) (0) (D) A/B log, C/D 
2, vi. 51 0-495 0-875 328 188 0-57 0-56 
23.i1.53,A N, 0334 113 0738 0-04 
0-46 250 76 128 1-88 
23.i.53,B N, 0858 89 1-17 1-15 
N, 0-528 0-306 280 56 1-73 1-61 
28. i. 53 N, 0-727 138 101 
0-72 $67 78 1-58 1-52 
4.4.53 0495 84 1-48 1-33 
0-905 0-335 319 27 2-7 2-47 
24, ii, 58 0-089 0-565 118 99 0-16 O18 
° 
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determinations of m, corresponding to the right and left sides of equation (3), 
is very satisfactory and may be regarded as a strong support of our initial 


| Spontaneous potentials 
10- 
i 
190-- 
Response 


3 
T 


0 
Fig. 7. Histogram showing distribution of amplitudes of spontaneous miniature potentials and 
end-plate responses at a Ca-deficient junction (experiment of Fatt & Katz, 19524, pp. 119- 
120). In the lower part, the continuous curve has been calculated on the hypothesis that the 
‘responses are built up statistically of units whose mean size and amplitude distribution are 
identical with those of the spontaneous potentials (see text). Expected number of failures 
shown by arrows. Abscissae: scale units=mean amplitude of spontaneous potentials 
(0-875 mV). 


The experiment of Fig. 7, the results of which were reported by Fatt & Katz 
(19524), has been analysed more fully. The value of m was first determined by 
equation (1), and the expected numbers of the Poisson series were calculated. 


_ For z=0 (failure of response), there was excellent agreement between calcu- 
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lated and observed values, but for the terms z >0 account had to be taken of 
the scatter of amplitudes of the ‘unitary * spontaneous potentials. This was 
done by (a) fitting a Gaussian curve to the spontaneous potentials, and (b) using 
az times the mean and variance of this curve in distributing the Poisson classes. 
The resulting theoretical distribution of e.p.p. amplitudes is shown by the 
continuous curve in the lower part of Fig. 7. Although the fit with the 
observed histogram is not accurate, the general agreement is good considering 
that except for a single scaling factor (the total number of e.p.p.’s) the 


10 


l ] 
0-1 10 10 100 
m 

Fig. 8. Relation between coefficient of variation and mean amplitude of e.p.p. in twenty-one 
experiments. Logarithmic scales. Abscissa: mean e.p.p., divided by mean spontaneous 
potential (i.e. nominal value of m), Ordinate: standard deviation of e.p.p., divided by mean 
(i.e. ‘coefficient of variation’ of e.p.p.). E.p.p. amplitudes had been grouped for this purpose 
in ‘unit classes’ (i.e. with class centres at m x mean spontaneous potential). Bars have been 
placed at +2 6.x. of the ‘coefficient of variation’. Full line shows theoretical relation for 


& 


constants chosen in calculating the curve had been determined independently. 
The main discrepancies vanish if the mean size of the unit response is taken to 
be 7% larger than the mean spontaneous potential, a difference which is 
probably within limits of experimental error. 

In other experiments the e.p.p. amplitudes were grouped more coarsely into 
classes of unit-width, and a x* test was applied; also, the coefficient of variation 
of e.p.p. amplitudes (grouped in such unit classes) was determined and com- 
pared with the expected coefficients m~* (Fig. 8). These tests were less 
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accurate than the preceding analysis, but the results agreed with the view 
that the responding units are distributed in Poisson-fashion provided the 
quantum content of the e.p.p. is small (<3). When the tests were extended to 
larger e.p.p.'8 (m exceeding 10), there was a consistent discrepancy, the 
observed fluctuation of e.p.p. amplitudes covering a smaller range than 
expected (see Figs. 8 and 9). 
DISCUSSION 

The most interesting evidence is that shown in Table 1 and Fig. 6 for small 
values of m. The agreement between the two determinations of m can hardly 
be fortuitous and supports the view that the spontaneous miniature potential 
is the least “quantum of action’ at the nerve-muscle junction, the e.p.p. being 
built up statistically of such quanta. Furthermore, one may conclude that at 
this reduced level of m, the statistical chances of any one unit responding to 
a single impulse are very low, and in successive records the responses represent 
different members of a large, mostly inactive, population. 

It is tempting to speculate what the precise probability of the unit response 
may be. For this, it is not sufficient to know only the value of m; we also 
require information of the total number of available units n. Moreover, it 
does not follow from the results that all units have the same chance of 
responding; a Poisson distribution would be obtained even from a non-uniform 
population, provided only the probabilities of responding are small and 
constant for each individual member (Kendall, 1948). If the whole synaptic 
population consisted of, say, 500 units, and m is unity, then the average 
chance of any unit responding to one impulse would be 1/500, but individual 
probabilities may be considerably higher for some and much smaller for many 
other members of the population. 

What happens under more normal conditions when we raise the Ca and 
lower the Mg concentration? The value of m becomes large and the statistical 
analysis unsatisfactory. It is clear, however, that the response fluctuates much 
less than predicted from our equations (Fig. 9). Now suppose the size of the 
population » remains constant, then the increase of m would be due to an 
increased probability p. If the population is uniform, the distribution of 
responses would change from a Poisson to a binomial form. Associated with 
this one may expect a reduction in statistical spread, for the coefficient of 
variation for a Poisson series is ./(1/m), while that of a binomial distribution 


is only J (;. _ *). Closer examination, however, shows that this argument is 


insufficient to account for the observed divergences. We can set a lower limit 
to the value of n: the normal e.p.p. is about 100 times larger than a miniature 
potential and must be composed of an even greater number of units because 
unit increments of the e.p.p. would diminish at high levels of depolarization 
(cf. Fatt & Katz, 1951). There is also reason to believe that the normal e.p.p. 
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does not involve the whole population, so that n=200 is a conservative 
estimate. With m = 32, the coefficient of variation would be — = 9-162, 
compared with 0-177 in a Poisson distribution (when m/n is very small). The 
observed coefficient, however, is about 0-11 +0-005, and a significant dis- 
crepancy of this kind remained for all experiments in which m was greater 
than 10. 7 

There are two other factors which are more likely to provide an expla- 
nation. One factor has already been mentioned, viz. a failure of linear sum- 
mation of miniature potentials, when m becomes large and the amplitude of 
the total e.p.p. an appreciable fraction of the resting potential. Application 


30-4 Spontaneous 


10 30 
mV 
Fig. 9. Histogram from an experiment with large e.p.p. Nominal value of m (using equation (1)) 
is 32. Dotted curve: expected distribution of e.p.p.’s (modified Gaussian curve allowing for 


scattered unit size: mean=20-4 mV), o=3-7 mV. Note large discrepancy between observed 
and expected distribution. 


of equation (1) and of the superposition theorem may lead to serious error if 
the e.p.p. response exceeds a small fraction (5%) of the resting potential. 
Suppose each ‘transmitter unit’ produces a fixed leakage conductance AG 
across the end-plate membrane, then the increment of potential AP which it 
contributes to the e.p.p. becomes less the greater the existing leakage and the 
lower the membrane potential (cf. Fatt & Katz, 1951). This must have an 
important effect on the observed coefficient of variation, because (a) the actual 
number m would be greater than that calculated from equation (1), and (b) the 
scale of the amplitude fluctuations would be reduced in proportion to AP. 
We have made only a rough estimate of this effect, but it seems that it may 
account for a large part, if not the whole, of the observed discrepancy. 

The other factor which may be involved is that different members of the 
population may not have the same chances of success, and that for large 
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values of m some individual units have a high probability and respond almost 
every time, while others have a low probability and contribute to the e.p.p. 
only occasionally. The presence of some units which respond regularly is 
bound to diminish the statistical fluctuation of the e.p.p. In general, the 
coefficient of variation for this case is less than that expected for a binomial 
distribution (see Table 2). 


TaB_E 2. Coefficients of variation for different distributions 


iter eet) ; the coefficient of variation is expressed here as a simple fraction, instead 
per cen 


Je) 


n =total number of units available at a single junction. 

=average probability of unit impulse). 

var p=variance of individual pro abilities 
but not during successive impulses | 

during the set of observations, e.g. if the value of m suffered a progressive change. In this case 
the standard deviation of the e.p.p. amplitude would become greater, not less. A small effect of 
this kind was present in some experiments and could be checked by dividing the observations into 


CONCLUSIONS 


The following picture emerges from the present study : transmission at a nerve- 
muscle junction takes place in all-or-none ‘quanta’ whose sizes are indicated 
by the spontaneously occurring miniature discharges. The number of quantal 
units responding to a nerve impulse fluctuates in a random manner and can 
be predicted only in statistical terms. The average ‘quantum content’ of the 
é.p.p. depends on the probability of response of the individual units, and this 
varies with the external Ca and Mg concentration (for a more detailed hypo- 
thesis, see Castillo & Katz, 1954). It is possible that some synaptic units 
respond more readily than others, but with a sufficiently high Mg and low Ca 
level the chances of excitation of all units are so small that a Poisson distri- 
bution is obtained. 

Under more normal conditions, the e.p.p. is large and the statistical 
fluctuation small. While the evidence for the quantal composition of low- 
level e.p.p.’s (m <5) seems conclusive, inferences about the normal behaviour 
are indirect and can only be made by extrapolating into a range in which the 
present statistical analysis can give no useful information. There are, however, 
good reasons for supposing that the normal e.p.p. is built up of a large number 
of units of the same kind as described here, furthermore that even the normal 
é.p.p. involves only a fraction of the total synaptic population, the average 
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based.on the finding that the size of the e.p.p. can be increased from nil to 
well above the ‘normal-Ringer’ amplitude by raising the Ca concentration, 
without increasing the size of the spontaneous miniature e.p.p. (Fatt & Katz, 
1952a, 6; Castillo & Stark, 1952). If one accepts the present results as showing 
that the miniature e.p.p. is the basic unit of response, then the effect of Ca 
must be to raise the quantum content m of the e.p.p., either by increasing the 
size of the population n or its probability of responding p. We have assumed 
in our argument that a change of probability, rather than population size, is 
involved, though the formal distinction between these two modes of action is 
not very profitable until more is known about the nature of the molecular 
reaction whose probability we are considering. 


SUMMARY 


1. The relation between response and spontaneous activity at a single 
nerve-muscle junction has been studied. 

2. By increasing Mg and lowering Ca concentration, the amplitude of the 
e.p.p. can be reduced to that of a spontaneous ‘miniature potential’. At the 
same time, a large random fluctuation of successive e.p.p. amplitudes is 
observed. 

3. Statistical analysis indicates that the e.p.p. is built up of small all-or- 
none quanta which are identical in size and shape with the spontaneously 
occurring miniature potentials. 

4. When the average ‘quantum content’ (m) of the e.p.p. is small (m <3), 
its amplitude fluctuates in a manner predictable by Poisson’s law. At higher 
levels (m> 10), deviations occur which may be due to a reduction in the ‘ unit- 
increment’ of the e.p.p., or to variation in the probability of response among 
different synaptic units. 

5. The statistical behaviour of the normal nerve-muscle junction and the 
influence of Ca and Mg ions are discussed. 


We are indebted to Mr J. L. Parkinson for his unfailing assistance. This work was supported 
by a research grant made by the Nuffield Foundation. 
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STATISTICAL FACTORS INVOLVED IN NEUROMUSCULAR 
FACILITATION AND DEPRESSION 


By J. pet CASTILLO ann B. KATZ 
From the Department of Biophysics, University College, London 
(Received 25 January 1954) 


When a series of impulses arrive at the nerve-muscle junction, the end-plate 
potentials (e.p.p.) which they produce are not constant but vary in size, 
depending on the number and frequency of the stimuli. Two main types of 
phenomena have been observed: (a) a progressive increase of the e.p.p. 
(facilitation, post-tetanic potentiation) and (b) a phase of depression 
(Wedenski-inhibition, junctional fatigue). The present paper is concerned 
with the stage of neuromuscular transmission at which facilitation and 
depression occur and with the question whether ‘quantal’ changes of e.p.p. 
amplitude are involved. 

It has been suggested that the progressive synaptic changes during repeti- 
tive stimulation are due to a variation in the output of acetylcholine (ACh) 
from the motor nerve endings rather than to post-synaptic events (e.g. Feng, 
19416; Hutter, 1952; Eccles, 1953, p. 89 seg.). In view of the recent evidence 
indicating that ACh release occurs in discrete quanta, it is of interest to 
inquire whether a functional change of ACh output takes place at quantal or 
molecular level, involving either the number or the size of the miniature units 
of which the end-plate response is composed. 


METHODS 


The technique was essentially the same as described previously (Fatt & Katz, 1951; Castillo & 
Katz, 19544, b). Intracellular recording electrodes were applied to m. ext. 1. dig. IV of the frog, 
and spontaneous miniature e.p.p.’s, as well as responses to single and repetitive nerve impulses, 
were recorded. 

The majority of the experiments were devoted to a statistical study of facilitation, i.e. of the 
increase of e.p.p. amplitudes during a series of impulses. As pointed out in the preceding paper, 
a successful analysis can only be made when the response at a single junction has been reduced to 
a very small number of unit components. 

Measurements of e.p.p. amplitudes are less accurate for the second than for the first of a pair 
of closely spaced responses, because the second e.p.p. is superimposed on the declining phase of 
the first and some error is, therefore, likely to occur in estimating its height. More reliance was 
placed on ‘success-and-failure’ counts which are free from such uncertainty, but their application 
means that the experimental conditions have to be further restricted. The most significant change 
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in failure counte may be expected when the proportion of failures is about 50% and the value of 
m (the mean number of responding unite, Castillo & Katz, 19546) between 0-5 and 1-0. If facilita- 
tion causes m to increase by a factor c, then the largest change in failure counts is obtained when 
_ m=(log,c)/(¢-1). For values of ¢ ranging from 1-3 to 3, m,, lies between 0-87 and 0-55. 
Whether the results obtained under the special conditions required for the statistical analysis can 
be applied generally will be discussed later. 

In a number of ‘facilitation’ experiments, tetani of up to fifty successive stimuli, at 100 per 
sec, were used. It was then necessary to start with a very high proportion of failures (m —0-1-0-2 
for the first impulse) in order to be able to follow their statistical decline during the tetanus. The 
failure counts for the first, and to a diminishing extent of subsequent, impulses in this series were 
affected by error due to uncertainty of excluding spontaneous potentials. As explained previously 
(Castillo & Katz, 19546), the distinction between a single-unit response and a spontaneous minia- 
ture potential depended on the constancy of timing of the response. In the tetanus experiments 
a slow time-base was used, and as much as 3 msec had to be allowed for variations in latency. 
This means that, over a large number of records, some spontaneous potentials are likely to have 
been counted as response, their most probable number being N1r/7', where N is the number of 
records, 7 the allowance for latency variations after each stimulus, and 7’ the mean interval of 
spontaneous potentials in the absence of stimulation. Even under the most adverse conditions, 
the error was not very serious: thus, in Table 4, of 110 counted responses to 711 NV, impulses, 
about ten were probably spontaneous potentials (making the correct proportion of failures 0-86 
instead of 0-845). Higher response counts are less affected. 

A source of error of opposite direction was that a mechanical contact breaker was used in 
applying the tetanus, with a small chance of ‘cutting’ the first shock and making it ineffective. 
This error, however, was much less important and not likely to have caused an omission of more 
than one response count. | 

Solutions. Ringer's solution was used modified by adding MgCl, and lowering CaCl, so as to 
reduce the quantum content of the end-plate response to the required level (see Castillo & Katz, 
19544). In most experiments, prostigmine (10-*, w/v) was added to increase the size of the unit 
response, but a few experiments were made without prostigmine and found to give the same 
results, The temperature during these experiments was 15-20° C. 


PART I. FACILITATION 


RESULTS 

Double impulses 
When two impulses, at an interval of several milliseconds, are sent into a 
_ curarized frog muscle and e.p.p.’s are recorded from the whole muscle, the 
second e.p.p. is found to be larger than the first (Schaefer & Haass, 1939; 
Eccles, Katz & Kuffler, 1941; Feng, 1941a, 6). A similar, and even somewhat 
greater, effect has been observed in magnesium-treated muscles (Feng, 19415). 
When the experiment is made on a muscle fibre blocked with high Mg and 
low Ca, and the response of a single end-plate is studied with an internal 
electrode, the amplitude of the response varies, and facilitation effects are not 
immediately obvious (see preceding paper, fig. 3). The range of fluctuation 
far exceeds the expected increase in amplitude of the second response. How- 
ever, when a large number of paired responses are measured, one finds that the 
average size of the second e.p.p. is significantly larger than that of the first 
(see Table 1; Castillo & Katz, 19540, figs. 4, 5). 
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While the response of a single junction, under these conditions, can only be 
summarized in statistical terms, records taken from a whole muscle with 
external electrodes are easier to describe. They do not show marked random 
fluctuations, and in successive responses the second e.p.p. is consistently larger 
than the first. It is clear, however, that external records, while giving the 
average response from hundreds of end-plates, conceal the statistical properties 
of the facilitation process. 

The first question which confronts us is whether the increase in the average 
size of the e.p.p., at each junction, is due to an increased amplitude or increased 
number (m) of its unit components. -In the former case, the distribution of 
e.p.p. amplitudes would be the same for N, as for N,, except for an increased 
voltage scale. The number of failures would remain unchanged. In the latter 
case, the distributions should be different, corresponding to different mean 
numbers m, and m,. In particular, the number of failures should be reduced, 
in a ratio obtainable from equation (1) (Castillo & Katz, 19545). 


mean size of response number of impulses * 
mean size of spontaneous potentials Be umber of failures © (1) 


The first point to settle was whether the number of failures of e.p.p. response 
was significantly less for the second of two impulses. Pooling the failure 
counts of several experiments, with an average N, response of approximately 
one miniature unit, we found 534 failures to N, and 292 failures to N, (intervals 
3-5-11 msec), giving a highly significant difference (242 +25). This suggests 
that facilitation in these experiments did involve an increase in the number 
of responding units. 


TaBLE 1. Statistical properties of facilitation. If facilitation is entirely due to recruitment 
increase of m, then equation (1) should a 
f, are the number of failures to N, and 


Mean Mean spont. Number pads 
N,N, response potential of of 
interval (mV) vt impulses failures 


(msec) (A) ( (0) (D) A/B_ \og,0/D m,-m, log, (f,/f:) 


10-8 N, 


O78 
0-46 289 


and we m,—m, = log, (f,/f,), where 


1.6, 


0-94 
16 0-55 0-4 


6-7 N. 0-358 89 1:17 

6-9 N. 0-727 138 l 

3-5 N 0-495 . 

N, 0905} 319 1-22 1:13 


In four experiments, equation (1) was applied to N, and N, responses, and 
satisfactory agreement was obtained for both (Table 1). This indicates that 
a large part, if not the whole, of the observed increase in e.p.p. amplitude is 
due to a statistical recruitment of quantal components. 
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Additional tests were made (x*, and coefficient of variation on data grouped 
in classes of “unit-width’; see Castillo & Katz, 19545), and these gave con- 
firmatory results. 

A recruitment of miniature units could be brought about in different ways: 
(a) It may be that only those units which responded to the first impulse are 
‘facilitated’, that is preceding activation may raise the probability of res- 
ponding to the next impulse. (b) Alternatively, facilitation may affect the 
whole latent population and leave behind a state of greater probability of 
activation, independent of previous success or failure. 

A decision between these possibilities was reached by examining those 
records in which N, had failed to elicit ane.p.p. Clearly, if facilitation depended 
upon there having been a previous response, the mean size of the selected N, 
potentials (V,=0) should show no facilitation and not differ significantly 
from the mean N, potential. On the other hand, if facilitation is independent 
of previous response or failure, then the mean of the selected N, potentials 
should show the full increase in amplitude over the N, response. The results 
of four experiments are summarized in Table 2. The selected N, responses 


umbers of shown rackets) 
Mean of selected N, responses 
Mean of all N, responses =0) 
Expt. mV N,/N; 
l 0-59 (288) 1-76 0-635 (113) 1-9 
2 0-53 (280 1-47 0-55 (89) 1-53 
3 1-14 (357) 1-57 1-09 (138) 1-5 
4 0-905. (319) 1-83 1-1 (84) 2-22 
Mean 0-815 (1244) 1-66 0-86 (424) 1-75 


TaBiz 3. Occurrence of ‘double-failures’ of e.p.p. response to paired impulses 


F, and F,: observed number of failures to N, and N,, respec- 
Fuse! observed number of ‘double failures’, The last column shows the number of 


‘dou ’ to be expected by chance coincidence. 
Observed 
Caloulated, 
Expt. N F, F, Pig x P/N 
1 289 113 76 32 30 
2 280 89 56 16 18 
3 357 138 78 30 30 
4 319 84 27 9 7 
Total 1245 424 237 87 85 


were, on the average, about 5% larger than the unselected N, potentials, 
a small difference which may be due to sampling or experimental error. In 
any case, it is clear that the full facilitation effect was obtained even when 
not a single unit had responded to the first impulse. As a corollary, it was 
found that the ‘double-failures’ were no more frequent than one would expect 
on chance coincidence (see Table 3, columns 5 ae 6). 
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One may conclude that success or failure of response to N, did not signifi- 
cantly alter the chances of response to Ny. However, a nerve impulse even 
though it may fail to produce any end-plate response, leaves behind a state of 
increased probability of activation of the terminal units. This is of interest 
because it indicates that facilitation must operate at a very early stage of 
the transmission process, before the liberation of ACh. 


Fig. 1. Fig. 2 
ig. 2. 

Fig. 1. Recruitment{of end-plate potentials during a tetanus. Muscles treated with 14 mu-Mg 
and reduced Ca (0-9 mm). Nerve stimulated at 100 per sec. Upper part: external recording 
Lower part: intracellular recording from single end- 
plate of m. . dig. IV, Stimuli indicated by dots. Note spontaneous potentials on the 
superimposed * base-lines’. 

Fig. 2. Recruitment of ©.p.p.'s. From the same experiments as Fig. 1, but on a reduced time 
scale, showing the progressive building up of response during a } sec tetanus. Upper part: 
external é recording from sartorius. Lower part: intracellular recording from m. ext. |. dig. IV. 
Stimuli indicated by dots. Voltage scale: mV. 


Statistical recruitment of units during a tetanus 
The quantal character of facilitation is further illustrated in Figs. 1 and 2 
(see also Castillo & Katz, 1953) which show the building up of the end-plate 


responses during a tetanus. In these figures, records from a whole sartorius 
muscle, representing the average response of hundreds of end-plates, are 
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compared with the responses of a single junction of the m. ext. |. dig. IV. The 
sartorius records show a smooth progressive increase in the size of the e.p.p. 
On the other hand, the response of a single junction fluctuates in a random 
manner, and a smooth effect is only obtained if one averages a large number of 
successive records (cf. Fig. 3). 


60 
0 20 40 60 


No. of impulses 

Fig. 3. Statistical increase of response at single junctions. Plots were obtained from two experi- 
ments of the kind illustrated in Figs. 1 and 2 (lower parts). ‘Successes’ and ‘failures’ of 
end-plate response were counted in a large number of records from the same junction, and the 
ratio of responses/impulses was plotted. Ordinate: proportion of responses (‘1-0’ means that 
every nerve impulse elicited an e.p.p.). Abscissa: serial number of impulses during a tetanus 
at 100 per sec. 
horizontal bars show the extent of grouping employed during the count. 


At a single end-plate the first half a dozen impulses either fail to elicit 
& response or, occasionally, fire a single ‘miniature unit’. As stimulation 
continues, unit responses become more frequent, occasionally much larger 
é.p.p.’s occur indicative of multiple unit activity, and failures become rare. 
In seven experiments, success-and-failure counts were made during tetani of 
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approximately fifty impulses lasting 0-5 sec; examples are shown in Fig. 3 and 
a summary in Table 4. The progressive diminution of failure counts may be 
used to calculate the progressive increase of m (eqn. (1)). The result is given in 
column 5 of Table 4; it suggests that the average number of unit responses 
increases from 0-18 for the first impulse to about 0-83 for the 10th and 1-72 
for the 40th impulse. A rough measurement of the phasic components of the 
‘external’ e.p.p. (Figs..1, 2) shows that their amplitude increases during the 
tetanus in about the same proportion. Evidently, the potentials recorded 
from a whole muscle represent the mean value of m of a large number of 
junctions, and the quantal fluctuations which occur at the individual end- 
plates have been ‘smoothed out’ in the process of averaging. 


Taste 4. Recruitment of e.p.p. response during a tetanus 


Mean results of ‘failure-and- ’ counts from seven experiments on junctions. 
The results in the second and columns have been pooled a number of records 
covering si and tetanic responses of various durations. The figures in the last three columns 
are inde t mean — 

Serial no. of nerve 
impulses during oe No. of end- Proportion of ‘Facilitation factor’ 
tetanus at plate ures (m,,/m,) 
100 per sec responses (=exp( m (mean and 8.£.) 
N, 711 110 0-84 0-18 10 
N, -N. 1615 858 0-45 0-83 4-7+0-44 
a 1140 799 0-31 1-28 7340-7 
Nya 1105 886 0-21 172 10-04 1-21 


DISCUSSION OF PART I 


There remains little doubt that, under the conditions of the present experi- 
ments, neuromuscular facilitation is a statistical process, and the progressive 
increase in the size of the e.p.p. is, largely or entirely, due to a recruitment of 
quantal units at each junction. 

In statistical terms, if each synapse contains a population of n units whose 
mean probability of responding is ~, then m=np. ‘Facilitation’, being ac- 
companied by progressive increase of m, could be formally attributed either 
to increased probability of activation of existing units or to formation of new 
units by preceding impulses. There is little evidence to choose between these 
alternatives, but we find it easier to think in terms of an increase in probability. 

The basic mechanism of facilitation, that is the reason why a greater number 
of units respond to successive nerve impulses, is a problem on which our experi- 
ments have no direct bearing. It has recently been suggested by Lloyd (1949, 
1952) that certain processes of potentiation in the spinal cord are due to 
increased amplitude of pre-synaptic spikes, arriving during a positive after- 
potential left by preceding impulses. A mechanism of this kind might possibly 
explain the increased transmitting power of successive impulses at the nerve- 
muscle junction, and it is compatible with our conclusion that facilitation 
operates at a very early stage of the transmission process, even before the 
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release of ACh has occurred. It is of interest in this connexion that the size, 
and quantum content, of the e.p.p. can be increased by anodic polarization of 
the pre-synaptic structures (Castillo & Katz, 1954c), but it is as yet doubtful 
whether a single impulse can produce a positive after-potential of the required 
magnitude. 

The present results were obtained under special conditions when the 
quantum-content of the e.p.p. had been greatly reduced by the use of low 
calcium and high magnesium concentrations. Can the conclusions from these 
experiments be applied to cases where the value of m is large (e.g. to facilita- 
tion in curarized muscle)? Recruitment of units is conceivable in principle so 
long as m is smaller than nm. Even under ‘normal’ conditions, when no 
magnesium is used and with a calcium concentration of 1-8 mM, there is 
evidence that only a part of the synaptic population responds to a nerve 
impulse, for with higher Ca concentrations the e.p.p. continues to rise while 
the spontaneous unit-potentials remain constant or decrease slightly in 
amplitude (Fatt & Katz, 1952a, b). The fact that the e.p.p. may be increased 
more than threefold by calcium excess (Castillo & Stark, 1952) suggests that 
normally there is still a wide margin for recruitment of additional units. 

It is, however, quite possible that other factors play an increasingly im- 
portant part when the value of m becomes large. In the present experiments, 
the probability of each unitary response was very low; the value of p may 
have increased about tenfold during the tetanus, but it remained throughout 
in the low-level range in which a Poisson distribution applies. Hence the 
individual units activated by successive impulses were in general not the 
same, for when p is very small, the chances of the same unit responding twice 
in succession are negligible. The situation is quite different when p is large: 
individual units must then be expected to respond more regularly and contri- 
bute to many successive e.p.p.’s. 

The present experiments give us no information on the recovery of a unit- 
response after previous activity, and it may well be that its amplitude passes 
through a ‘supernormal phase’. We cannot, therefore, exclude the possibility 
that an increase in unit size, i.e. an increase at the molecular rather than 
quantal level of ACh output, may contribute to facilitation when m is large. 


PART II. NEUROMUSCULAR DEPRESSION 


The results in Fig. 2 show that facilitation of the e.p.p. is cumulative and 
continues throughout the period of stimulation. This behaviour is charac- 
teristic of preparations blocked by high Mg and low Ca but differs from that of 
curarized muscles (Feng, 19416; Eccles & MacFarlane, 1949). During curare 
block, the increase of the e.p.p. is a transient event, and after a number of 
impulses the amplitude of the e.p.p.’s declines to a low value. A similar 
phase of depression probably underlies some of the phenomena known as 
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Wedenski-inhibition and neuromuscular fatigue in untreated preparations. 
It is interesting that depression of repetitive e.p.p.’s fails to occur in Mg- 
treated muscle, when the quantal release of ACh has been reduced to a low 
level. It seems that depression acts at a later stage than facilitation and only 
comes into operation after a period of intensive ACh release. 

Experiments were made to find out whether this effect also involves a 
quantal reduction of ACh output. The procedure was to ‘fatigue’ transmission 
by prolonged nerve stimulation at low rate (e.g. at 2 per sec for 10 mim), and 
re-insert the recording electrode into a previously selected muscle fibre when 
twitching had ceased. The main finding was that, as the result of prolonged 
stimulation, the amplitude of the e.p.p. was reduced to a few millivolts and 
showed large fluctuations, while the rate of spontaneous miniature potentials 
was greatly increased. Examples are shown in Figs. 4 and 5. When stimulation 
was stopped, and replaced by occasional test shocks, the e.p.p. slowly increased 
in size, and the excessive firing of spontaneous potentials gradually died down. 
If nerve stimulation was resumed, the response once more declined and could 
be practically abolished (Fig. 4, G) while the random activity flared up again. 

The observations were repeated in nine experiments, and qualitatively the 
result was always the same. There was, however, no close quantitative relation 
between the reduction in e.p.p. size and increase in random firing rate. Thus, 
during ‘recovery’ the random firing may have returned to the low initial 
rate, or less, long before the e.p.p. had risen to a steady amplitude (Fig. 5). 

Furthermore, while the frequency of the discharge increased say, tenfold, 
there was no relation between the depression of the e.p.p. and the absolute 
rate of random firing. In the experiment of Fig. 4 it rose from an initial 
frequency of 20 per sec to a rate of over 200 per sec, too high to be measured. 
In another experiment, during the same depression of the response, the 
frequency changed from about 1 to 10 per sec. 

This was of interest because it ruled out any suggestion that the increased 
random activity might have rendered the nerve endings ‘refractory’ to 
impulses and so indirectly caused a reduction of the response. The depression 
of the e.p.p. still occurred when the firing rates were far too low for this 
argument to hold. 

Size of miniature potentials. At the height of the random activity, no reliable 
estimates of the size of the potentials could be made, and it is possible that 
their amplitudes were reduced to, say, one half. When the rate of firing was 
moderate, no obvious changes in size were observed. There was at no stage 
a reduction of amplitudes comparable to that of the e.p.p, Taken together 
with the fluctuating character of the reduced e.p.p., this suggests that the 
depression is accompanied by a ‘quantal’ breakdown of the response. The 
effect resembles, in this respect, the block produced by Mg or low Ca, but 
differs from it by the increase in the rate of random activity. 
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A few tests were made to find out which phase of neuromuscular activity 
was required to produce the increased random firing. ‘Post-synaptic’ activity 
was not responsible, for the effect was still observed when the prolonged 


Fig. 4. Effect of prolonged stimulation on end-plate response and random activity. M. ext. |. 
dig. IV, in normal Ringer. Intracellular recording from single junction. A: spontaneous 
activity in normal muscle. B: after several minutes nerve stimulation, at about 2 per sec, 
showing increased random activity. This was followed immediately by records C showing 
random firing and e.p.p. response at lower amplification. D: during partial recovery. Random 
firing dying down. (Muscle twitches again on nerve stimulation; no response shown.) 
E: after renewed prolonged stimulation of nerve. Random activity has flared up. E.p.p. 
response again reduced to well below threshold. This was followed by F and G, at higher 
amplification, F showing random firing and G, in addition, two e.p.p. responses (at arrows) 
now barely distinguishable from the background activity. 


stimulation was carried out on a temporarily curarized nerve-muscle prepara- 
tion. When the drug was removed after the period of stimulation, the random 
discharge was found to be greatly increased and then gradually subsided. 
On the other hand, if the preparation was first treated with a large dose of 
Mg (17mm), prolonged low-rate. stimulation caused only a very small, 
statistically insignificant, increase in spontaneous firing rate. This is in 
keeping with earlier findings (Boyd, Brosnan & Maaske, 1938; Maaske, 
Boyd & Brosnan, 1938; Luco & Rosenblueth, 1939; Feng, 19416) that neuro- 
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muscular ‘fatigue’ occurs in the curarized muscle, but is small or absent in 
Mg-treated preparations. 


| | 

in 
Fig. 5. Effect of prolonged stimulation on e.p.p. and rate of random activity. Full circles: rate 
of random firing. Hollow circles: amplitude of e.p.p. response. This was recorded after 
twitching had ceased. Two periods of nerve stimulation (about 5 per sec), indicated by 
arrows and shaded areas below. 


The results of this section provide further evidence for the suggestion that 
the changes involved in a number of important synaptic events are of a 
quantal nature. Such changes were previously observed during ionic altera- 
tions in the environment, and have now been found to occur during the course 
of repetitive activity, ‘facilitation’ being associated with an increase, and 
‘depression’ with a decrease in the number of units of response. Further 
discussion of these relations will be deferred to a subsequent paper (Castillo & 
Katz, 1954c) in which the effects of electrotonic changes in the motor nerve 
endings are studied. 

SUMMARY 
1. The process of neuromuscular facilitation has been studied usiffg intra- 
cellular recording in frog muscle fibres. 
2. By raising Mg and lowering Ca concentrations, the ‘quantum content’ 
of the end-plate potential (e.p.p.) can be reduced to a low level. Under these 
conditions, the statistical properties of the e.p.p. can be analysed following 
single and repetitive nerve impulses. 
3. Facilitation of the e.p.p. is shown to be a quantal process involving at 
each junction a progressive recruitment of responding miniature units. 
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4. The statistical chances of any one quantal unit responding to a nerve 
impulse appear to be increased by a preceding impulse. The stage of trans- 
mission at which this facilitating effect occurs, its possible mechanism, and 
limits of its application in the normal or curarized muscle are discussed. 

5. Observations dealing with neuromuscular ‘depression’ (during pro- 
longed activity) are described. 

6. In a normal (or temporarily curarized) muscle, prolonged nerve stimu- 
lation causes a progressive decline of the e.p.p., associated with a greatly 
increased frequency of random miniature discharges. The depression of the 
response is largely due to a reduction in the number of quantal units. 


We are indebted to Mr J. L. Parkinson for his unfailing assistance. This work was supported 
by a research grant made by the Nuffield Foundation. 
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CHANGES IN END-PLATE ACTIVITY PRODUCED BY 
PRE-SYNAPTIC POLARIZATION 


By J. pet CASTILLO anv B, KATZ 
From the Department of Biophysics, University College, London 
(Received 25 January 1954) 


The present experiments represent an attempt to throw further light on the 
origin of the spontaneous miniature end-plate potentials and on their relation 
to the transmitted response (see Fatt & Katz, 1952, 1953; Castillo & Katz, 
1954c-e). In particular, it was of interest to investigate whether the rate of 
the spontaneous discharge is controlled by the membrane polarization of the 
nerve endings. By passing polarizing currents through the terminal portion of 
a motor axon and studying their effects from the other side of the synapse, it 
was hoped to get further information on the neuromuscular mechanism. 


METHODS 


The technique described in previous papers (Fatt & Katz, 1951; Castillo & Katz, 1954c-e) was 
modified to provide means of influencing the membrane potential of the pre-synaptic nerve 
terminals. The m. ext. |. dig. IV of the frog was used as before, but nerve-muscle junctions were 
selected in the neighbourhood of the nerve entry, so that the intramuscular path of the motor 
axon was short. In many experiments a branch of the nerve was followed by dissection beyond 
the point of the main nerve entry to a region where it terminated on a group of muscle fibres. 

In mounting the preparation the nerve was lifted above the muscle and supported by a glass 
hook to hold it taut. The Ringer solution was drained from the chamber until the fluid level 
reached the surface of the muscle, and the nerve was covered with a layer of liquid paraffin. The 
electrode arrangement is shown in Fig. 1. In addition to the stimulating and the internal and 
external recording electrodes, a pair of non-polarizable electrodes was used to pass d.c. through 
the terminal part of the nerve. The most convenient way of applying them was to place one 
electrode on the peroneal nerve and the other in the Ringer bath. The current lines converge at the 
point where the nerve twig emerges from the muscle and crosses the saline/oil interface. The 
advantages of this procedure are that the thinnest part of the nerve need not be touched and the 
polarizing electrodes do not interfere with the manipulation of the internal recording electrode. 
A disadvantage is that a p.d. (usually a fraction of a mV) is recorded due to current flow in the 
Ringer bath. The magnitude of this p.d. depends on the exact position of the microelectrode, 
for the greater part of the potential drop is localized, due to convergence of current lines, at the 
point of emergence of the nerve. The p.d. could be made negligible by removing the polarizing 
electrode from the bath and applying it to the nerve itself, or by working with very fine nerve 
twigs which require a correspondingly low current strength, and inserting the recording electrode 
a little distance away from the nerve entry (cf. Fig. 44). 
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The polarizing current was increased gradually, by manual operation of a potentiometer or by 


charging a condenser. A monitor resistance was placed in series with the nerve, and the p.d. 
developed across it was recorded on a separate beam of the oscillograph. 


In several experiments, the effect of polarizing currents on isolated medullated axons was 


studied. For this purpose, single fibres were dissected as described by Tasaki (1939), three 


adjacent nodes of Ranvier being placed in pools of saline separated by insulating vaseline ridges 
(Fig. 7). | 
Recording Polarizing 


RESULTS 
A. Effect of polarizing currents on the spontaneous 
activity of motor nerve endings 

The experiments described in this section were made by passing prolonged 
electrotonic currents through the terminal part of the motor nerve and 
recording changes in the local discharge of miniature e.p.p.’s. Care was taken, 
by increasing the current gradually, to avoid the initiation of a nerve impulse. 

The experiment depended upon a selection of end-plates near the entry of 
the polarized nerve branch. The farther the junction and the longer the intra- 
muscular portion of the supplying axon, the more remote become the chances 
of producing electrotonic effects at the terminals. Moreover, if an attempt is 
made to obtain electrotonic effects on a distant junction, there is the risk of 
damaging the nerve by using excessive current strength. Once these difficulties 
are realized, reproducible results can readily be obtained in most preparations. 

(1) Cathodic currents. When a strong enough current is passed through the 
motor nerve, with the cathode near the intramuscular endings, the rate of 
firing of miniature e.p.p.’s increases well above the spontaneous background 
activity. The effect is graded according to the strength of the current and 


Stimulator | 

= 

Fig. 1. Arrangement of polarizing and recording electrodes. 
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Fig. 2. Electrotonic effects on the discharge of miniature e.p.p.’s. a-f, cathodic; g, h, anodic 
polarization of nerve endings. Direction and relative strength of current (passing 
nerve) are registered by second oscilloscope beam. Downward deflexion means descending 
current. Voltage scale applies to miniature e.p.p.’s recorded with intracellular electrode. 
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ceases a8 soon as the current is withdrawn. Examples are shown in Fig. 2, 
and the relation between changes in firing rate and current intensity is 
illustrated in Fig. 5. It is of interest that this relation is of the same non-linear 
type as that found for the cathodic local response of nerve fibres (Katz, 1937; 
Hodgkin, 1938; Castillo & Stark, 1952). 

The absolute current intensities at which these effects were observed 
(usually less than 1 wA) are of little significance, as they depend on the thick- 
ness of the nerve branch and the proximity of the endings. To obtain appreci- 
able changes in firing rate the current had to be increased usually above the 
strength at which local anodic block was produced, though in some cases 
weaker current gave clear effects, 

The frequency of the discharge rose while the current increased and some- 
times continued to rise slowly after the current strength had reached a steady 
level. Unless excessive intensities were used which caused irreversible 
damage, there seemed to be little or no accommodation to the cathodic 
current; the discharge remained at high frequency for many seconds while the 
current was flowing and promptly declined when the current was discontinued. 

(2) Anodic currents. It would be natural to suppose that the spontaneous 
activity, in the absence of polarizing currents, and the increased random 
activity elicited at the cathode have the same origin, in other words that the 
rate of spontaneous discharge is controlled by the level of the resting potential 
and increases when the nerve endings become depolarized. One would, 
therefore, expect that hyperpolarization, at the anode, would reduce or 
suppress the spontaneous activity. 

Anodic polarization produced, however, an entirely unexpected result. With 
weak currents no effect was observed. Above a certain threshold strength, a 
prolonged outburst of miniature potentials occurred. With intermediate 
intensities, brief bursts were observed appearing after a variable delay. The 
effect is illustrated in Figs. 2-4 which show several other characteristics of 
the ‘anodic burst’. The discharges were of high frequency and commenced 
suddenly; once started, their further course seemed almost uncontrolled by 
the current; in some records, intermittent bursts were seen while the current 
was on, in others the firing continued for many seconds after the current had 
been withdrawn and gradually died down. 

The phenomenon had in many ways the character of a triggered, ‘dielectric 
breakdown’ effect which might indeed be imagined to occur if the membrane 
were subjected to too high a voltage. 

While the effects on the frequency of the discharge were easily observed, 
the size of the miniature potentials did not seem to be greatly altered by 
currents of either direction. Unfortunately, amplitudes of individual potentials 
cannot be measured at high rates of discharge, and the information on this 
point is therefore incomplete. There was no significant change in size pre- 
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ceding or following anodic bursts, the mean difference in nine experiments 
being nil. During cathodic currents, eighteen out of twenty-one experiments 
showed no significant change. In three experiments there was an increase in 
mean size, but there was reason to suspect this to be due to accidental factors; 


in two experiments, the apparent increase in size probably arose from the | 


a 


Fig. 3. Anelectrotonic effect on miniature e.p.p.’s. A, anodic; C, cathodic. No significant change 
with strength ‘3’; a brief, transient, burst with strength ‘6’; prolonged firing with strength 
‘9’. With cathodic strength ‘9’ (lowest record), there was a small, but noticeable increase in 
firing rate. Current strength was monitored at higher amplification in the first and last pair 
of records than in the rest. 


greater chances of ‘multiple coincidence’ at the higher rate of firing (cf. Fatt & 
Katz, 1952, p. 125); in the third experiment, the ‘resting’ discharge was 
extremely infrequent and the sample probably inadequate. The average effect 
in twenty-one cathodic experiments, including these three, was a 5°% increase 
of amplitude. 

The fact that anodic as well as cathodic currents caused an increased rate 
of end-plate activity seemed so strange that a careful search for artifacts had 
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to be made. We suspected that the current might have caused the muscle to 
contract and the increased activity might have been due to mechanical 
stretch of nerve endings (see Fatt & Katz, 1952, p. 122). Although it was 
difficult to see how the muscle could have been stimulated in the Ringer bath, 
nor had any electrotonic potentials been detected inside the muscle fibres, 
more direct tests were necessary to rule out contraction artifacts. The following 
observations are relevant to this point : (i) When the distal polarizing electrode 
was taken out of the bath and placed on the nerve itself, passage of current 
through the muscle bath was eliminated without in any way altering the 


Fig. 4. Anodic bursts of random activity. a-d, four different end-plates, showing 
the effects of anodic polarization of motor nerve endings. 

result of the experiment. (ii) The observed changes in activity vanished when 
the distal polarizing electrode (or the fluid level, with the electrode immersed) 
was moved along the nerve several millimetres away from the muscle. 
(iii) Changes of activity were only recorded from end-plates whose nerve 
supply was intact, not from junctions whose axons had been severed at the 
entry into the muscle. (iv) In prostigmine-treated muscle, the ‘anodic bursts’ 
produced a large enough depolarization to give rise to spikes and twitches. 
Even when such vigorous mechanical disturbances occurred, no change in 
activity was observed at junctions whose axon supply had been cut near-by. 
In view of all these observations, mechanical artifacts could be safely dismissed. 

There remains then the peculiar fact that, independent of its polarity, an 
applied current increases the spontaneous discharge of miniature potentials, 
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but cannot reduce it. Nevertheless, the character of the anodic burst is quite 
distinct from the graded cathodic effect, and it is very probable that different 
mechanisms are involved. 

The situation in these experiments is more complicated than, for instance, 
at the sensory nerve endings of a muscle spindle, whose discharge can be 
increased in frequency by cathodic and lowered by anodic polarization (un- 
published experiments by C. Edwards). In the case of these sensory endings, 
the rate of firing appears to be directly controlled by the level of the membrane 
potential (cf. Katz, 1950), while in the present experiments the absence of an 
anodic reduction makes it doubtful whether the spontaneous activity depends 
on the membrane potential in any simple way. It is more probable that electro- 
tonic potentials produce increased activity at the motor nerve terminals by 
indirect means, for instance, by altering their membrane permeability. Such 
an indirect effect may well have a threshold, or be related to current intensity 
in the non-linear fashion observed with cathodic polarization. 

In the terms of a previously discussed hypothesis (Castillo & Katz, 1954c), 
the miniature potentials are said to be due to the activation, in the nerve 
terminals, of specific carrier molecules (X’). They may originate in different 
ways and from different inactive precursors; it was suggested that one of these 
is a calcium compound CaX, activated specifically by the nerve impulse. 
Another type of precursor may reach the excited state by thermal activity and 
so give rise to spontaneous discharges. This hypothesis was put forward to 
account for the facts that Ca deficiency (or addition of Mg) blocks the response, 
but not the spontaneous activity of miniature units. 

One may suppose that cathodic currents produce their effect via a local- 
response mechanism, operating in a manner analogous to the nerve impulse. 
In other words, the firing at the cathode might be a maintained and attenuated 
form of normal response. 

On the other hand, the anodic bursts which are often followed by un- 
controlled after-discharge bear a resemblance to a breakdown phenomenon 
rather than to a physiological response. They might be due to a much more 
drastic disturbance of the membrane, e.g. ionizations caused by excessive 
voltage, in the course of which large numbers of active X’ molecules may be 
liberated. 

With these suggestions in mind, the effects of Mg and Ca on the polarization 
phenomena were investigated. If the cathodic effect depends on the normal 
response mechanism of the nerve endings, one would expect it to be strongly 
inhibited by Mg, (a) because of the specific synaptic blocking action of Mg, 
and (6) because of a rise in the threshold of electric excitation. The effect of 
Ca is more difficult to foresee because its two actions would tend to cancel 
rather than potentiate. If the anodic effect is due to a physical ‘breakdown’ 
phenomenon, it would presumably remain unchanged by either of these ionic 
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influences. These predictions were indeed borne out by the results of ten 
experiments, examples of which are shown in Figs. 5 and 6. Although the 
experiments were not accurate and often suffered from a gradual decline of 
the cathodic ‘response’, it was clear that with a given current, the cathodic 


Fig. 5. Electrotonic effects on random activity. Two experiments showing relation between rate 
of discharge and polarizing current. Ordinate: rate of firing (sec) in excess of resting rate 
(this was about 6 per sec in the upper, and 1 per sec in the lower part). Abscissa: polarizing 
current intensity in relative units. Shaded area: in this range of anodic currents, sudden 
bursts of firing were elicited. Lower part: the highest ‘cathodic’ frequency is only approxi- 
mate (100 per sec or higher). Hollow circles: muscle in normal Ringer. Full circles: 14 mm 
Mg and reduced Ca (0-9 mm). 


effect was greatly reduced, and often became insignificant, when a high 
Mg (14 mm) and low Ca (0-9 mm) concentration was used. On the other hand, 
there were no obvious changes in the anodic effects; high-frequency bursts and 
prolonged after-discharges were still observed at the usual current intensities. 
In an experiment in which the Ca concentrations alone was changed to } and 
4 times the normal level (1-8 mm), no clear effect was obtained. On the other 
hand, when the cathodic effect had been reduced or suppressed by 10 mm-Mg, 
PH. OXXIV. 38 
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addition of 6 mm-Ca restored the cathodic firing rates, at least at some junctions, 
to nearly their original value (cf. Fig. 6). One may conclude, therefore, that 
the mechanism of the cathodic firing is influenced by Ca and Mg in the same 
antagonistic manner as the response to a nerve impulse. 
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Fig. 6. Effect of Mg and Ca on the cathodic increase in random firing. Plotted as in Fig. 5, 
ordinates showing increments in discharge rate (resting rate was 1-2 per sec), abscissae 
relative current intensities. Five successive runs were made, in the following order: 1, normal 
Ringer (hollow circles); 2, 10 mm-Mg (hollow triangles); 3, 10 mm-Mg + extra 6 mm-Ca (full 
circles); 4, 10 mm-Mg, as in 2 (full triangies); 5, 10 mm-Mg + extra 6 mm-Ca, as in 3 (crosses). 
Prostigmine, 10-* (w/v), was used throughout. 

Anodic breakdown phenomena in medullated axons 


In order to find out more about the nature of the anodic effect, the reaction 
of isolated nerve fibres to large anelectrotonic potentials was studied. It had 
previously been shown by Hodgkin (1947) that the membrane of a non- 
medullated axon suffers a gradual loss of resistance when it is subjected to an 
excessive anodic potential. It was of interest to repeat the experiment on 
a small, confined area of axon membrane, e.g. at a node of Ranvier, where the 
situation might simulate that of the nerve endings a little more closely. 

Medullated fibres were isolated from frog sciatics and mounted on ‘ridge 
insulators’ (Methods, Fig. 7). Polarizing currents were applied between 
electrodes 1 and 2 and potential differences recorded between 3 and 4, using 
a duplicate channel in which rapid fluctuations were selectively amplified. 
Figs. 8 and 9 show anodic ‘breakdown effects’ which occurred when the 
electrotonic potential became excessive. The abrupt and fluctuating character 
of the phenomenon is clearly seen. When the polarity of the current was 
reversed, a breakdown took place at the adjacent node in pool A, resulting in 
a sudden increase of the recorded p.d. The breakdown occurred when the 
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applied p.d. between pools A and B exceeded a few tenths of a volt (observed 
range 150-400 mV), and the size of the electrotonic p.d. (recorded between 
pools B and C) approached that of the spike. In some cases (e.g. Fig. 9, 
record 5) the electrotonic p.d. collapsed almost completely, followed by a 


Fig. 7. Medullated axon mounted on vaseline ridges which separate three pools of Ringer solution, 
A, B and C. Nodes of Ranvier indicated by gaps. 1 and 2, polarizing; 3 and 4, recording 


Fig. 8. Action currents (a, 6) and electrotonic currents (e-<) recorded from medullated axon. 
Recording electrodes shunted with 3MQ. Records a and 5, response to stimulation at 
central end of nerve obtained before and after records c-e. c-e, effect of polarizing current. 
Current was applied and withdrawn gradually (time constant about 1 sec). Final voltage 
between polarizing electrodes approximately 0-25 V. Pool B was anodic in c and d, cathodic 
in e. 


partial recovery and continued fluctuations; in other instances, the changes in 
amplitude were relatively small. When the current was withdrawn, the 
‘breakdown noise’ gradually died out. It is of interest that the effect was still 


4 obtained in axons which had been paralysed by 1% procaine or by substi- 


tuting choline for sodium. The effect of strong polarizing currents used in these 
experiments was not immediately injurious; thus the spike records in Fig. 8 
38-2 


4 
> 
é 
4 


596 J. DEL CASTILLO AND B. KATZ 


obtained before and after a series of local ‘breakdowns’ did not show much . 


change; but eventually irreversible damage resulted. 

There is much resemblance between the anodic effect in the axon and the 
bursts of activity observed at the nerve-muscle junction. There are, however, 
some important points of difference. The voltage fluctuations of the axon show 


Fig. 9. Electrotonic currents and “breakdown noise’ in a medullated axon. Paired records a 
and 6 were obtained simultaneously through two channels of different band-width. In a, 
rapid fluctuations alone are seen; in 6, they are somewhat attenuated. No d.c. shunt across 
input electrodes. 1-4, in normal Ringer; 5-6, after total replacement of Na by choline. 
Central pool made anodic in 1, 2, 5 and 6, cathodic in 3 and 4. Strength of polarizing current 
in 2, 4 and 5 was twice that in 1, 3 and 6. Arrows indicate commencement and withdrawal 


of polarizing current (time constant of rise and fall about 1 sec). Voltage scale applies to 
slow potentials (records b). 


no distinctive standard component comparable to the miniature e.p.p. and 
during their subsidence merge imperceptibly into the base-line noise. It is 
uncertain, however, whether this difference has much significance, for it might 
result merely from unfavourable recording conditions. (A similar picture is 
indeed obtained at curarized end-plates where individual miniature potentials 
are too small to be distinguished, while anodic bursts can still be recognized by 
a suddenly intensified ‘noise’.) It should also be remembered that the electric 
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activity which one records at the end-plate must represent a ‘filtered’ version 
of the events in the nerve endings: for pre-synaptic disturbances which are not 
specifically connected with ACh-release are probably not transmitted. 

A more significant difference is that the large anelectrotonic potential which 
precedes and initiates the disturbances in the nerve membrane, fails to appear 
in the post-synaptic record (Castillo & Katz, 1954a). Any steady deflexions 
which were observed (e.g. Figs. 2g and 4a) were external p.d.’s due to current 
flow in the Ringer bath. They did not exceed a fraction of a millivolt and 
were eliminated by placing the distal polarizing electrode on the nerve (see 
Methods). 

The absence of any electrotonic transmission across the nerve-muscle 
junction is of great interest, especially as these experiments provide positive 
evidence that electric changes in the nerve endings, other than impulses, can 
elicit local transmitter activity. The firing of miniature e.p.p.’s induced by 
the passage of a steady current through the nerve can only mean that electro- 
tonic potential changes have reached the nerve terminals, or at any rate the 
points at which release of ACh and the initiation of miniature e.p.p.’s take 
place. The anodic effect, in particular, appears to be the result of an excessive 
hyperpolarization of the nerve endings, and yet no detectable trace of such 
hyperpolarization is transmitted to the muscle fibre. These results confirm the 
findings of Kuffler (1949), who, in various careful attempts, failed to observe 
transmission of electrotonic potentials across the myoneural junction or to 
influence the synaptic delay by varying the strength of the stimulus applied to 
the terminal portion of the nerve. It has been suggested (see Bullock, 1951) 
that the failure might have been due to excessive attenuation of electric 
signals in the nerve endings rather than across the synapse, but it would be 
difficult to maintain this argument against the present evidence, viz. that 
firing of miniature e.p.p.’s can be induced by pre-synaptic currents which 
themselves fail to be transmitted. In conjunction with Kuffler’s (1949) 
findings, therefore, the present experiments strongly support the view that 
propagation of signals by local circuit action comes to a halt at the nerve- 
muscle junction and takes no direct part in the synaptic transmission process. 


B. Effects of polarizing currents on neuromuscular transmission 


In the preceding experiments, the influence of a ‘ pre-synaptic’ electrotonus 
was studied on the random activity of the nerve-muscle junction, in the 
absence of a nerve impulse. It remained to be investigated whether the end- 
plate response to an impulse could be modified by electrotonic currents in the 
terminal parts of the nerve axon. 

This experiment is more difficult to perform because electrotonic block 
occurs in the axon at a relatively low current strength, and the usable range 
of intensities is therefore much smaller than in the previous work. Moreover, 
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the experiments are complicated because the polarizing current may modify 
the transmitted response at several stages: (i) by electrotonic changes in the 
amplitude and duration of the pre-synaptic spike (cf. Lorente de Né, 1947); 
(ii) by direct activation, or by altering the chances of response, of the terminal 
units (cf. Section A); and finally (iii) by partial blockage of the nerve impulse 
in its terminals when the current becomes too strong. A variety of effects 
have indeed been observed which may be attributed to these different causes, 
but some of which are difficult to interpret. They will be described in the 
order of regularity with which they have been observed. 

The success of these experiments, even more so than in the previous section, 
depended upon a close proximity between end-plate and nerve entry into 
the muscle bath, and at many junctions, no effect could be obtained except 
axon blockage and disappearance of the e.p.p. To reduce the risk of mechanical 
damage, with the internal recording electrode, all the experiments were made 
on reduced, subthreshold, e.p.p.’s, transmission having been blocked by 
curarine, Mg, or previous stimulation, as stated below. 

(1) ‘ Anodic facilitation.’ This was a clear effect observed at many junctions. 
It consisted of an appreciable increase in the size of the e.p.p. when the nerve 
endings were subjected to moderate anodic polarization. Examples are shown 
in Fig. 10, from preparations blocked by curarine (records 2-4) or by pro- 
longed previous stimulation of the nerve (records 1). The relation between 
current strength and e.p.p. amplitude is illustrated in Fig. 11. The maximum 
observed increase of the e.p.p. was 85%. 

It should be noted that this effect is in no way related to the increase of the 
e.p.p. which accompanies post-synaptic hyperpolarization (Fatt & Katz, 1951, 
p. 357). In the present experiments, the resting potential of the muscle fibre 
remained unaltered, and the change in the e.p.p. must have been due to an 
increased power of transmission by the nerve impulse (cf. Lloyd, 1949; 
Castillo & Katz, 19545). 

It has previously been shown (p. 589-590) that the size of the individual 
miniature potentials is not affected by anodic polarization of the nerve; 
hence the increase of the e.p.p. is probably due to a recruitment of additional 
‘quanta’ (see Castillo & Katz, 1954e). 

The phenomenon of anodic facilitation is not entirely new nor unexpected. 
It appears to be related to the known fact that the amplitude of a nerve or 
muscle spike increases during a period of hyperpolarization (cf. Lorente de 
N6, 1947; Lloyd, 1949). The present results suggest, indirectly, that the size 
of the action potential in the nerve endings is one of the factors which controls 
ACh release, and that it can do so in a ‘quantal’ manner. 

(2) Other effects. The influence of stronger currents and of cathodic polariza- 
tion was not clear-cut and will be described very briefly. We failed to observe 
@ significant depression of the e.p.p. with moderate cathodic currents, cor- 
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responding to the anodic enhancement. When the cathodic current was made 
stronger, there was in a few cases (curarized muscles), a definite increase of the 
e.p.p. We had no opportunity of studying this effect in detail, but think that 
it may well have been related to the activation of terminal units which suffi- 
ciently strong cathodic polarization had been found to produce (p. 587). 


Fig. 10. Facilitation of e.p.p. by anodic polarization of motor nerve endings. 1-4, four experi- 

ments; in 1 block was produced by ‘fatigue’, in 2~4 by curarization. NV, normal; A, anodic; 

_ (C, cathodic polarization of nerve endings. Trace a: intracellular record of e.p.p. (two or 

three superimposed responses, level of trace adjusted arbitrarily). Trace b: monitoring the 

polarizing current (upward deflexion, relative to N, means ascending current). Voltage and 
time scales: 10 mV and 0-1 sec, respectively. 


When the polarizing currents reached near-blocking strength, the e.p.p. did 
not always fail in an all-or-none manner, but fractionation into discrete com- 
ponents, as well as graded reduction, was sometimes sree as suggesting 
partial blockage in the nerve terminals. 

(3) The e.p.p. during the ‘ post-anodic discharge’. It was of interest to study 
the after-effects of strong anodic currents on the e.p.p. response. Although the 


nerve was blocked during the current flow, the elicited burst of end-plate 


activity often outlasted the anodic current by several seconds, and — this 
period the response to an impulse could be examined. 
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The procedure was to stimulate the nerve at a low rate (twitches having 
been abolished by Mg), then to apply increasing anodic polarization and dis- 
continue it when an outburst of miniature potentials had been produced. 

Results are illustrated in Fig. 12. The e.p.p. vanished (often after a transient 
increase of the kind described on p. 598), the nerve being blocked by the 
anodic current long before the ‘bursting’ threshold had been reached. When 
the current was withdrawn, the e.p.p. reappeared at once and was found to be 
significantly larger during the period of after-discharge than before. It is 
clear that, whatever happened in the nerve endings during the anodic burst, 
it did not leave behind conduction failure or reduced responsiveness of the 
terminal units, but rather an increased tendency to activation. 
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Fig. 11. Facilitation of e.p.p. by anodic polarization of nerve endings. Two experiments, showing 
up to 60% increase of the e.p.p. (curarized muscle). Ordinates: size of e.p.p. in relative 
units. Abscissae: polarizing current strength. Shaded area in the upper figure shows range 
of current intensities in which the response became irregular and intermittent failure 
(presumably due to anodic axon block) occurred. 


DISCUSSION 
The experiments of this paper are concerned with one main finding, namely, 
that post-synaptic events can be elicited and modified by local electrotonic 
changes in the pre-synaptic nerve endings, without involving nerve impulses. 
Two kinds of effects were observed: (i) the rate of random firing of miniature 
potentials, and (ii) the size of the transmitted response, more specifically the 

quantum content of the e.p.p., was changed. 
While the general result is clear and needs little comment, the details are 
complicated, and the aim of the discussion is to try to find some order among 
the variety of phenomena which have been described. The main difficulty 
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which confronts us is the fact that electrotonic influences alter the synaptic 
process at various points; for example, there is little doubt that the observed 
increases in the random discharge during anodic and cathodic polarization 
originate at different points of the system and involve different mechanisms. 

In Table 1 observed changes in the size of response and the rate of random 
activity have been compiled. This summary merely shows that there is no 


Fig. 12. Facilitation of e.p.p. during ‘post-anodic’ firing of miniature e.p.p.’s. The upper traces 
(a) show the e.p.p. responses to slowly repeated nerve impulses (transmission was blocked by 
8 mm-Mg) and the random activity elicited by anodic polarization of the nerve endings. 
Trace (b): upward and downward movement shows, respectively, beginning and end of 
current. Expt. A: Al, initial 1 mV calibration steps. Nerve stimulation commences. 
A2, polarization of nerve starts, blocking the impulse. Polarizing current is maintained in 
A3, withdrawn in A4, applied again in A6 and withdrawn in A7. Expt. B: 1-3, three 
periods of anodic polarization of increasing intensity. Note increased size of e.p.p. response 
in B3, associated—as in A4 and A7—with post-anodic random discharge. 


simple correlation between the two types of synaptic activity, and yet the 
same unitary process appears to be involved in both, namely, a quantal release 
of ACh and the production of a miniature e.p.p. 

~ In a previous paper (Castillo & Katz, 1954c) various alternative hypotheses 
were discussed to account for the origin of the spontaneous miniature po- 
tentials, their connexion with the activity elicited by nerve impulses, and the 
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differential effects of Ca and Mg on both. The scheme which seemed best suited 
then to fit the experimental results is reproduced below, and we may now 


| 
Frequency of Quantum content of 

Agent random activity €.p.p. response 
Calcium No change Increase 
Magnesium No change Decrease 
Facilitation ? Increase 

i Increase Decrease 

Polarization of nerve endings 
Anodic, weak No change Increase 
Anodic, strong Increase ? (Nerve blocked) 
Post-anodic (strong) Increase Increase 
Cathodic, weak Slight increase ? 
Cathodic, strong Increase (Increase, when 
nerve not blocked) 


consider whether it will also fit the observations of the present paper without 
additional assumptions: , 


Inactive carrier X Active carrier X’ 
Ca +X=—CaX 


CaX Ca + X’ 
Spont. 
XxX  *X’ 
CaX +Mg@MgX 


On this hypothesis, the common step in ‘spontaneous’ as well as ‘evoked’ 
activity is the release of an active ‘carrier molecule’ X’ which transports, or 
allows the passage of, a large number of ACh ions and leads to the production 
of a miniature e.p.p. There are different ways in which X’ can be formed: 
_ (i) from a CaX compound which is specifically acted on by the nerve impulse 
and transformed to Ca + X’, (ii) from other inactive precursors (X) which may 
change to X’ spontaneously, due to thermal activity. Only the first of these 
resources is blocked by Mg, or by Ca deficiency. 

To explain the different electrotonic changes in random activity, one might 
suppose that the graded cathodic effect, which is sensitive to Ca and Mg, 
operates via channel (i), while the anodic effect is to release additional un- 
stable precursor-molecules from the membrane. In other words, the cathodic 
effect would be classified as a weak form of response, while the anodic outburst 
is regarded as a sudden increase of the spontaneous type of activity (with the 
same degree of independence of Ca and Mg concentrations). 

Once we accept a dual mode of origin of the miniature potential the scheme 
becomes so flexible that there is no great difficulty in fitting it to most of the 
phenomena which have been described. For example, if an additional quantity 
of X’ is released from source (ii), this gives not only increased random activity, 
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but also increased response, for the amplitude of the e.p.p. depends upon the 
number of available CaX molecules, and this becomes greater through the 
back reaction X’+Ca + CaX. In this way, the increase in e.p.p. associated 
with post-anodic firing of miniature potentials could be explained (Fig. 12). 
On the other hand, suppose that as the result of prolonged nerve stimulation 
the back reaction X’+Ca + CaX is slowed (in other words, the forward 
reaction becomes less reversible), then X’ would accumulate and CaX pro- 
gressively become depleted, and this could explain the failure of response during 
‘fatigue’ and its association with an increased rate of random firing. 

Finally, the facilitation of the e.p.p. (Castillo & Katz, 1954e), and the 
increase of the e.p.p. during moderate anelectrotonus of the nerve endings, 
may be tentatively ascribed to an increase in ‘N’ (the terminal amplitude of 
the nerve impulse), in conformity with known electrotonic effects on the axon 
spike and especially with recent observations of Lloyd (1949) on spinal 
reflex potentiation. | 

The present scheme has the virtue of helping to summarize an otherwise 
rather chaotic variety of phenomena. Whether the postulated X’ molecules 
and their dual mode of derivation will survive further experimental tests is a 
matter of conjecture. 

SUMMARY 

1. The effect of a ‘pre-synaptic’ electrotonus on ‘post-synaptic’ activity 
was studied at the nerve-muscle junction, by passing polarizing currents 
through the terminal part of the motor axon and recording potential changes 
at the end-plate with an electrode inside the muscle fibre. , 

2. Cathodic polarization of nerve endings produces a graded increase } of 
the rate of firing of miniature end-plate potentials. 

3. Anodic polarization of low intensity has no effect on the random activity 
at the end-plate. When a critical current strength is exceeded an outburst of 
miniature potentials occurs at high frequency which may continue for some 
seconds after the current is withdrawn. An apparently related breakdown 
effect accompanied by rapid fluctuations of the electrotonic potential is 
observed in medullated axons when a node of Ranvier is subjected to an 
excessive anodic potential. 

4. Although the rate of discharge of miniature e.p.p.’s can be changed by 
electrotonic alterations of the nerve endings, there is no direct transmission of 
electrotonic potentials across the nerve-muscle junction. 

5. The cathodic effect is greatly reduced by high Mg concentrations, while 
the anodic burst of miniature potentials appears to be unaffected. 

6. Different modes of action are suggested for cathodic and anodic increase 
of random activity. They are discussed in relation to the ‘responsive’ and 
‘spontaneous’ mechanisms of acetylcholine release at the nerve-muscle 
junction. 
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7. The amplitude of the e.p.p. (in response to a nerve impulse) can be 
changed by passing electrotonic currents through the nerve. Among several 
phenomena which were observed, the most significant effect was an increase 
of e.p.p. during weak or moderate anodic polarization of the nerve endings. 


We are indebted to Mr J. L. Parkinson for his unfailing assistance. This work was supported 
by a research grant made by the Nuffield Foundation. 
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\ THE DURATION OF THE PLATEAU OF FULL ACTIVITY 
IN FROG MUSCLE 


By J. M. RITCHIE 
From the National Institute for Medical Research, Mill Hill, 
London, N.W.7 


(Received 26 January 1954) 


When a muscle is stimulated there is an abrupt change from rest to activity 
(Hill, 1949). Because of the series-elastic component in muscle, the tension 
rises slowly, and in a twitch the tension developed is usually only a fraction of 
that developed in a tetanus; but Hill (1949, 1951) has shown that the intrinsic 
response of the contractile material is of the same magnitude in a twitch as in 
a tetanus and that it reaches its full extent immediately after the end of the 
latent period. Once elicited by a single stimulus, the active state of the muscle 
remains constant for a period, on a plateau, before it begins to decay. 

The theoretical interest in the duration of this plateau has been discussed 
by Hill (19536). The quick stretch technique which he used in his earlier 
experiments (Hill, 1949) did not allow him to assign any accurate value to the 
duration of this plateau. In his paper Hill (1949) gives a diagram where the 
time courses, in a single twitch, of the active state and the recorded isometric 
tension of the whole muscle are plotted together. The plateau of the active 
state curve seems to last for a little less than half the time taken by the muscle 
to reach its maximum tension; since the relaxation of the tension of the whole 
sartorius at 0° C in a single twitch can be taken to occur about 250 msec after 
the stimulus, the active state would have begun to subside by about 100 msec. 
The difference between these two times is another result of the presence of the 
series-elastic component, which causes a time-lag between the internal response 
and its external sign, the recorded twitch tension. When other more sensitive 
techniques were used, decay in the active state could be detected at 80-90 msec 
(Hill, 1953 a): indeed, signs of it appeared at about 60 msec (Hill & Macpherson, 
unpublished). Recently, Macpherson & Wilkie (1953a) have measured the 
start of this decay by yet another method. They superimposed the isometric 
tension curves of a twitch and of a tetanus, and the moment at which the 
ascending phases began to diverge was taken to mark the onset of decay in the 
active state. This was found to occur at 50-60 msec after the stimulus and, in 
later experiments, at 44 msec (Macpherson & Wilkie, 19536). 
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In the present experiments the duration of the plateau at the end of a brief 
tetanus has been measured by recording the tension changes in a muscle near 
the end of the tetanus. For a tetanus, the effect of the series-elastic component 
is not to cause a difference between the time of the start of decay of the active 
state and the time at which the tension in the muscle begins to fall, as in a 
single twitch, but only to slow the rate of tension fall. As the sensitivity of the 
tension recorder used was extremely high, the time at which tension was first 
observed to fall after the cessation of stimulation was taken to reflect the onset 


of decay of the active state; this was found to occur at about 35 msec after the 
stimulus. 


METHODS 


The muscle used was the frog’s sartorius. It was mounted on a multi-electrode stim 
assembly (Hill, 1949), and bathed throughout the experiment in Ringer's solution (NaCl 0-675%, 
KCl 0-015 %, CaCl, 0-040% , w/v) containing 1/50,000 tubocurarine chloride (w/v). The Ringer’s 
solution was continuously aerated and kept at constant temperature, usually 0° C, by means of a 
Dewar flask. The muscle was stimulated directly, and simultaneously at many points on its surface, 
with maximal shocks derived from the charge and discharge currents of a condenser, each successive 
element of the stimulus being equal in magnitude, but of opposite sign to the preceding one. This 
method of stimulation minimized polarization effects at the electrodes and was found to lead to 
a better maintained muscle response. The muscle was connected by a fine copper wire, previously 
straightened by drawing beyond its elastic limit, to a rochelle salt piezo-electric crystal. This 
crystal, of the bender type, gave an output of 0-1 V for a force of 1 g suddenly applied. The 
crystal output was fed directly to a cathode follower (grid current <1pA), amplified, displayed on 
a cathode-ray tube and photographed. This provided an extremely sensitive method of recording 
tension: a change of less than 2 mg could be easily detected. 

The crystal, when used with the cathode follower, had a time constant of about 25 sec. Because 
the object of the present experiments was to record changes of tension at a time when tension was 
already high, the amplifiers were capacity coupled: limiting diodes across the grids of the valves 
prevented blocking. By the end of a tetanus of 1 sec duration, the amplifier had recovered from 
the voltages produced in the initial stages when tetanic tension was being developed: subsequent 
tension changes could be then recorded through an amplifier whose effective time constant was 
100 msec. 

Because of the high sensitivity of the tension recorder, care had to be taken to shield the system 
from mechanical disturbances. Stability was achieved by standing the Dewar flask which carried 
the muscle assembly on a very solid base. Anti-vibration mountings were not necessary because 
of the solidness of the particular room where the experiments were made. 

The procedure during an experiment was to stimulate the muscle with a series of stimuli at 
a frequency depending on the particular experiment. The third or fourth stimulus from the end 
of the tetanus (in early experiments the last stimulus) was arranged to trigger the time base of the 
cathode-ray oscilloscope. Photographic records of the tension-time curve during and after the 
last three or four stimuli were then made, and the time after the last stimulus at which the 
tension began to fall was measured. | 


RESULTS 


In the earliest experiments the muscle was kept at 2° C and stimulated at 
a frequency of between 20 and 35 shocks/sec, and the tension changes after 
the last stimulus recorded: the lower frequency limit was chosen because this 
was given by Abbott & Wilkie (1953) as the frequency which provided com- 
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plete fusion in a frog’s sartorius at 0° C. In these records there were nearly 
always marked oscillations or humps in the tension curves, as shown in Fig. 1A. 
These were not caused by external sources of vibration, as was shown by the 
record (Fig. 1B) which was made under the same conditions as existed for 
Fig. 1A, except that the muscle stimulating electrodes were short-circuited. 
It appeared that these oscillations resulted from the stimulation frequency 
being too small to produce a fused response. On general grounds, the minimum 
stimulation frequency to produce a fused response should be such that the 
interval between each element of the stimulus and the preceding one should 
be equal to the duration of the active state. Fusion frequency was determined 
experimentally. In a sartorius at 0° C, 40 shocks/sec produced a response 
which was just fused and 30 shocks/sec a response which was just not. There 
fore, in subsequent experiments at 0° C, frequencies of stimulation of between 


Fig. 1. A: onset of tension decline in frog’s sartorius at 2° C after tetanus of 1 sec duration at 
35 shocks/sec. Record is begun by last stimulus. B: baseline, see text. Upper trace: time 
calibration, 300 o/s, with pips at same frequency as that of the previous stimuli. The vertical 
bar gives the deflexion for a tension change of 40 dynes. 


33 and 55 shocks/sec were used; oscillations of the type found in Fig. 1 A were 
then absent. Fig. 2 shows an experiment similar to that just described but at 
a temperature of 16° C where, of course, higher frequencies of stimulation were 
used. The records at different frequencies have been so aligned that the last 
stimuli in the various tetani lie on the solid line. The interval between this line’ 
and the broken line is 12 msec which was the time, as judged from the records 
at 125 and 150 shocks/sec, at which relaxation of tension began; fusion occurred 
at some frequency between these two. 

Fig. 3 shows the type of record obtained in four experiments at 0°C, each on 
a different muscle. The times at which relaxation set in have been marked by 
vertical bars, although, as in all latency experiments, there must be some 
doubt as to the precise time at which this occurred. In such experiments 
several records were made, usually at 15 min intervals, and the mean relaxa- 
tion time for each muscle found. Twenty-seven experiments in which a 
stimulus frequency between 33 and 55 shocks/sec was used showed that relaxa- 
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tion occurred at an average time of about 35 msec after the last stimulus (the 
standard deviation about the mean being 3-0 msec). 


| 

125 


Fig. 2. Tension/time curves of frog’s sartorius at 16°C, during and after terminal stages of 
tetanus of about 1 sec duration at different frequencies of stimulation. Frequency is given 
in shocks/sec by the numbers opposite each record. The last stimulus in each record falls on the 
unbroken line. Interval between the broken and unbroken lines is 12 msec, Upper trace: 
time calibration, 300 c/s: the pips indicate the stimuli given to the muscle in the first record 
only. The vertical bar gives the deflexion for a tension change of 40 dynes. 


The length of the muscle was usually the standard length, i.e. the greatest 
in the body. When a series of records was taken at various muscle lengths from 
8mm greater to 8 mm smaller than this length, no systematic change was 
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| observed in the time at which relaxation set in. Thus, in a typical experiment 
on a muscle at 0° C whose standard length was 40 mm, the times at lengths 44, 
36, 32, 40 and 48 mm were 30, 33, 33, 31 and 32 msec respectively: the records 
were taken in this order and at half-hourly intervals. 


35 i i 


Fig. 3. Tension/time curves of four frog’s sartorii at 0° C during and after terminal stages of 
tetanus at stimulation frequency of about 55 shocks/sec. The numbers on each record are 
the times, in msec after the last stimulus, at which tension begins to fall (indicated by 
vertical bars). Upper trace in each record: 300 c/s time calibration, with pips indicating 
the stimuli given to the muscle. The vertical bar at the side gives the deflexion for a tension 
change of 50 dynes. 


The time at which relaxation set in was measured in some experiments at 

a series of temperatures from 0 to 16° C. The logarithm of this time proved to 

be a linear function of temperature, thus justifying a calculation of the Q,, of 

this process for this temperature range. Five experiments gave an average Q),, 

of 2-20, the standard deviation about the mean being 0-06. The latent period 
PH. CXXIV. 39 
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of contraction was measured in these experiments, the muscle length being 
reduced by about 1 mm to get rid of the latency relaxation (Abbott & Ritchie, 
1951). It was found that, for any given muscle, the interval between the last 
stimulus of a tetanus and the onset of relaxation bore a constant ratio to the 
latent period and this ratio was independent of temperature; in five muscles, 
for a temperature range from 0 to 16° C, the ratio varied between 3-1 and 3-9, 
the mean being 3-4. In fourteen muscles at 0° C, the average ratio was 3-4 
and the standard deviation about the mean 0-25. 

An attempt was made to assess the effect of fatigue and of previous activity 
on the duration of the plateau. In one experiment three tetani of just over 
1 sec duration were given at 30 min intervals: these were followed by three 
5 sec tetani at 2 min intervals. The relaxation times for the short tetani were 
31, 35 and 35 msec: for the 5 sec tetani they were 36, 38 and 35 msec. The 
duration of the plateau may therefore have increased slightly. In other 
experiments greater increases were observed. A similar result was found to 
follow previous activity in muscles not deliberately fatigued. In a series of 
experiments on sixteen sartorii at 0° ©, with 1 sec tetani from 5 to 30 min 
apart, the average time at which relaxation set in was 32 msec for the first 
tetanus applied to the fresh muscle and 34 msec for the third tetanus. The 
standard error of the mean difference between the first and third measurements, 
2 msec, was 0-5 msec. Therefore, previous activity apparently increased the 
duration of the active state. However, these longer times have been no more 
than a reflexion of the observed slowing of the rate of decline of tension conse- 
quent on previous activity. 


DISCUSSION 


The quantity measured in these experiments was the time, after the last 
stimulus of a tetanus, at which a decline in tension could be detected. On the 
current explanation of events in muscular contraction (Hill, 1949, 1953), the 
time at which this decline can be measured must occur after the onset of decay 
of the active state, the more sensitive the recording apparatus the shorter the 
delay between them. It would be difficult, however, to employ usefully much 
more sensitive techniques than those used here: a change of less than 2 dynes, 
i.e. 0-004 %, of the total tension developed by the muscle, can easily be detected. 
The conclusion has therefore been drawn that at about 35 msec after a stimulus, 
at the time when tension after the end of a tetanus begins to fall, the active 
state of muscle begins to decline. Before this time muscle tension remains 
constant, as far as can be seen with the present method: for the next few msec 
after this time tension begins to fall at an ever-increasing rate. There does 
seem, therefore, to be a true plateau on the active state curve. 
To calculate the actual duration of the plateau of the active state curve, the 
ordinary latent period of contraction must be known. This was measured in 
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single twitches, the tension record having the same sensitivity as in the tetanus 
experiments, and at a muscle length where there was no latency relaxation in 
the traces to obscure the point at which contraction began. This time, which 
was about 10 msec, was then subtracted from the time after the last stimulus 
of a tetanus in the same muscle at which relaxation set in. The duration of the 
active state, determined in this manner, was about 25 msec, at 0° C: fourteen 
muscles gave an average of 24 msec, the standard deviation about the mean 
being 1-8 msec. This is only about a tenth of the time taken for the maximum 
tension to be reached in an isometric twitch. 

There is good agreement between the results of the experiments discussed 
above and those on fusion frequency at both 0° C and at 16° C. If, as suggested 
above, the duration of the plateau of the active state is about 25 msec at 0° C, 
a fusion frequency of 40 shocks/sec would be predicted, and this is very near to 
that found experimentally. 

The ratio of the relaxation time after a tetanus to the latent period of con- 
traction was found to be independent of temperature, and the Q,,. of the 
former was 2°20; the Q,, of the duration of the active state is therefore also 
about 2-20. 

The disagreement between the present findings and those of Hill (1953a) 
and Macpherson & Wilkie (1953.4, 5) is more apparent than real. The duration 
of the plateau was measured in their experiments during a single twitch: in the 
present experiments it was measured at the end of a tetanus. Also, the different 
sensitivities of the methods used must be considered. Inspection of the four 
records of Fig. 3 shows that, at 80 msec after the last stimulus of the tetanus, 
the muscle tension has fallen on the average by about 50 dynes, only 0-1 % of 
the total tension developed. This fall would be extremely difficult to detect in 
Hill’s (1953a) records. A similar argument can also be applied to fusion 
frequency. With a frequency of about 20 c/s (as used by Abbott & Wilkie, 
1953), the oscillation would be too small to measure, except when using 
extremely sensitive recorders. In one muscle at 0° C, with the piezo-electric 
crystal used to measure tension, 20 shocks/sec produced a tension oscillation 
of about 0-02 % of the total; even with 10 shocks/sec the oscillation was only 
about 0-1°%. Therefore, although the results obtained by using these different 
methods differ slightly in detail, they all emphasize that a plateau of full 
activity in muscle does exist and that its duration is much smaller than the 
time during which tension continues to rise in a twitch. 


| SUMMARY 
1. The internal activity in muscle elicited by a stimulus remains constant 
for a time, after which it begins to decay. In frog muscle at 0° C the onset of 
this decay occurs at about 35 msec after the stimulus and is independent of 


muscle length. 
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2. In frog muscle at 0° C the latent period of contraction is about 10 msec: 


the duration of the plateau of the active state is therefore about 25 msec. 
3. The Qy, of the duration of plateau of the active state curve is about 2-20. 
4, At 0° C fusion frequency in frog muscle is about 40 shocks/sec. 


REFERENCES 
assort, B.C. & Rrronis, J. M, (1951). Early tensi laxation during a muscle twitch. J. Physiol. 
113, 330-335. 
mer ‘B.C. & Wit, D. R. (1953). The relation between velocity of shortening and the 
tension-length curve of skeletal muscle. J. Physiol, 120, 214-223. 
Huu, A. V. Gem). The abrupt transition from rest to activity in muscle. Proc. Roy. Soc. B, 


Hina A.V; (1961). : the velocity of shortening. 


meg Fr Sag The ‘plateau’ of full activity during a muscle twitch. Proc. Roy. Soc. B, 


Huu, A. V. (19580). A re-investigation of two critical ts in the energetics of muscular con- 
traction. Proc, Roy. Soc. B, 141, 503-510. 


meen coe ey ga R. (1953a). The duration of the active state in a muscle twitch. 


Macruerson, L. & Wiixim, D. R. (19535). The duration of the active state in a muscle twitch. 
J. Physiol. 124, 292-299. 


P 
= 


613 


J. Physiol. (1954) 124, 613-622 


GLUCOSE AND PHOSPHATE EXCRETION IN THE CAT 


By M. GRACE EGGLETON anv 8. SHUSTER 
From the Physiology Department, University College, London 
(Received 28 January 1954) 


The mode of reabsorption of phosphate by the kidney of the cat differs from 
that in man and dog in that no maximal rate (Tm value) is attained (Eggleton 
& Habib, 1950). Glucose and phosphate reabsorptions appear to be inter- 
related in man and dog, and it seemed of interest, therefore, to see whether 
they are inter-related also in the cat. Little is known of the mode of reabsorp- 
tion of glucose in this animal, though from the results of Gammeltoft & 
Kjerulf-Jensen (1943), who used a high plasma-glucose concentration in 
studying the mode of excretion of fructose and galactose in various species, it 
would seem that glucose has no Tm value. 


METHODS 


The fifty-two cate used (2-0-4-1 kg body weight) were anaesthetized with intraperitoneal sodium 
pentobarbitone (40 mg/kg); the general operative technique has been already described (Eggleton 
& Habib, 1949), but for one improvement. Sodium oxalate was used as anticoagulant in place of 
the potassium salt and the cells, after centrifugation of the blood, were suspended in 0-9% NaCl, 
filtered through gauze, and re-injected into the circulation. This procedure appeared to reduce 
the effect of blood sampling on the glomerular filtration rate (¢.¥.2.) which tends to fall towards 
the end of an experiment. 

The G.¥.R. was measured by creatinine clearance, the creatinine being given either sub- 
cutaneously or with the constant glucose infusion. The latter was administered at a rate of 
0-15 ml./min, its concentration varying from 5 to 50%, and sampling was not begun until at least 
40 min after the beginning of the infusion. In some experiments the constant infusion was pre- 
ceded by a priming dose and in others the infusion was stopped before the end of the experiment 
and sampling continued while the plasma-glucose concentration was decreasing. 

Creatinine was determined colorimetrically as the alkaline picrate, phosphate by the method of 
Fiske & Subbarow (1925) and glucose by the Folin-Wu method as modified by Lehmann & Silk 
(1952) in both plasma and urine. It was found experimentally that creatinine acted as a reducing 
agent in this method to the extent of 0-38 x glucose; glucose concentrations in plasma and urine 
were corrected accordingly. 

RESULTS 
Over the range of filtered load of glucose encountered, the amount reabsorbed 
increased steadily with increasing load and no Tm value was attained. There 


was, however, a wide scatter of individual values, and from the average of 
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these it would be concluded that although the amount reabsorbed increased 
with increasing load, the relationship was not linear: a result similar to that — 
found by Gammeltoft & Kjerulf-Jensen (1943) for fructose and galactose. ig 

As the results accumulated it became obvious that in most of the experi- 
ments with a high filtered load, this non-linearity was due to a high plasma 
glucose concentration, and it seemed possible that this was itself depressing 
the rate of reabsorption. The values plotted in Fig. 1 demonstrate the cor- 
rectness of this assumption. The amount reabsorbed is plotted against the 
amount filtered, different symbols being used for different concentrations of 
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Fig. 1. The relationship between glucose filtered and glucose reabsorbed, and the effect thereon 
of high plasma glucose concentration. Plasma glucose concentration: +, <270 mg/100 ml.; 
O, 271-360 mg/100 ml.; A, 361-450 mg/100 ml.; @, >450 mg/100 ml. 


plasma glucose. There is some degree of overlap, but it is quite clear that at 
plasma glucose concentrations less than 270 mg/100 ml. the points fall upon a 
straight line which lies at almost 45°. Up to a filtered load of 50 mg/min, all 
but a trace of glucose is reabsorbed if the plasma glucose concentration is less 
than 270 mg/100 ml. As the concentration is increased, the proportion of 
the filtered load reabsorbed is diminished. When the concentration is greater 
than 550 mg/100 ml., the percentage reabsorption may fall to less than 50. 
The depressant effect of a high blood sugar concentration tends to obscure 
the basic dependence of degree of reabsorption on the filtered load. In several 
experiments, however, considerable changes in G.¥.R. were encountered with- 
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_ out change in plasma glucose concentration. The results given in Table 1 show 
clearly that the percentage of filtered load reabsorbed is practically constant 
when the load is varied by 25-50%. 


remains constan 
Plasma Glucose 
glucose filtered 
concen - ucose 
(kg) (mg/100 ml.) (ml./min) Filtered Excreted Reabsorbed x 100 
2-5 330 13-1 43-2 9-9 33-3 77 
330 8-65 28-5 70 21-5 75-5 
3-5 441 15-5 68-5 13-8 54:7 80 
457 12-0 55-0 11-7 43-3 78-5 
3-2* 453 16-1 73-0 28-4 44-6 61 
453 12:3 55-7 21-6 34-1 61 
* Depancreatized. 


Individual variation in degree of reabsorption is also demonstrated in 
Table 1. One animal showed slightly greater reabsorption at 450 mg glucose/ 
100 ml. plasma than another at 330 mg/100 ml. In the last experiment the 
animal had been depancreatized 4 hr before the first value listed in the table. 
The percentage reabsorption remained unchanged with fall in G.¥.R. but was on 
the low side of average for a plasma glucose concentration of 450 mg/100 ml., 
an effect to be discussed in a subsequent paper. 

Greater variations in G.F.R. than usually encountered were found in these 
experiments in which plasma glucose concentration was varied widely, though 
no clear-cut relation between the two was to be observed in any one experi- 
ment. When all the results were treated statistically, however, a relationship 
between the two was apparent, as can be seen in Fig. 2. The filtration rates, 
corrected for body weight, have been averaged for each 90 mg glucose/100 ml. 
plasma range. At a concentration of 100-200 mg/100 ml., the average G.F.R. 
is only 3 ml./kg/min. With increasing concentration, the G.F.R. rises to a 
maximum of 4-5 ml./kg/min at 300-400 mg/100 ml., and falls again to a 
value of 2-5 ml./kg/min at a concentration of 700 mg/100 ml. 


The effect of high plasma glucose concentration on phosphate reabsorption 

The results of previous observations (Eggleton & Habib, 1950) on the 
independence of percentage phosphate reabsorption on plasma phosphate 
concentration have been fully confirmed in the present investigation. Values 
obtained from fifty experiments are shown in Fig. 3, plotted in the same 
manner as those for glucose in Fig. 1. The degree of scatter is considerably 
less, and it is clear that a high plasma phosphate concentration has no such 
depressant action on phosphate vegan sauna as has high plasma glucose 
concentration on glucose reabsorption. 
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Fig. 2. The relationship between plasma glucose concentration and o.¥.n. The height of the 
vertical line for each average value denotes the standard error of the mean; the number of 
observations from which each average is derived is also given. 
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mg P filtered 


Fig. 3. The absence of any depressant effect of high plasma phosphate concentration on the 
relation between phosphate reabsorbed and phosphate filtered. +, <3 mg P/100 ml. 
plasma; O, 3-4 mg P/100 ml. plasma; @, 4-5 mg P/100 ml. plasma; A, 5-7 mg P/100 ml. 
plasma; A, >7 mg P/100 ml. plasma. 


| 


45 

2 
26 
£ 
5 

30 

| =? 19 
19 
2-5 

25 

A 

10 

a 

3 0-8 

a 

oes 

| 

06 

3 

a. 

om AC 

0-2 + 


GLUCOSE AND PHOSPHATE EXCRETION IN CAT 617 


It was noted earlier (Eggleton & Habib, 1950) that plasma phosphate 
concentration tended to rise during the course of an experiment. In the 
present more extensive series of experiments, this observation has been con- 
firmed. In addition, a tendency for phosphate reabsorption to fall during the 
latter half of an experiment has also been noted. 
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Fig. 4. The effect of blood sugar concentration on phosphate reabsorption. A: cat, 2-0 kg. 25% 
glucose infused at 0-15 ml./min throughout. B: cat, 3-86 kg. The glucose infusion was begun 
1 hr 15 min before the first sampling. C: cat, 3-2 kg. 5% glucose infused at 0-15 ml./min 
throughout. D: cat, 2-5 kg. 30% glucose infusion was begun 3 hr before the first sampling. 


One factor which can be shown statistically to affect the degree of phosphate 
reabsorption is the plasma glucose concentration. The relation can be seen 
clearly in any one experiment, as illustrated in Fig. 4. In three of these 
experiments phosphate reabsorption is less at the end than at the beginning, 
and in the exception (Fig. 4A) the terminal plasma glucose concentration is 
800 mg/100 ml. In Fig. 4C the plasma glucose concentration rises slightly 
towards the end and the fall in phosphate reabsorption is halted. In Fig. 43 
the high, and rising, plasma glucose concentration is accompanied by an 
appreciable increase in phosphate reabsorption, while both here and in Fig. 4D 
_ the terminal fall in reabsorption is enhanced by the falling plasma glucose 
concentration. The average values of phosphate reabsorption for each 
90 mg/100 ml. range of plasma glucose concentration are given in Table z. 
The difference between any two adjacent groups is not significant, but the 
general upward trend leads to a significant difference between the first and 
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last values. The average of a few values (13) obtained at plasma glucose 
concentrations ranging from 760 to 1170 mg/100 ml. was only 83 + 3-4, less, 
but not significantly so than the last value in the table. It indicates that the 
value reached at 450-700 mg glucose/100 ml. plasma is in fact a maximum 
one, with the suggestion that still higher concentrations may be accompanied 
by a reduction. 


TaBe 2. The effect of varying plasma glucose concentration on phosphate reabsorption 


Plasma 
glucose Average Plasma P 
concentration reabsorption of P 8.8. of No. of concentration 
(mg/100 ml.) (% of P) mean observations  (mg/100 ml.) 
90-180 70-0 3-0 20 4-36 
181-270 75-5 2-1 20 3-93 
271-360 81-5 1-5 28 3-93 
361-450 81-0 2-0 29 4-90 
451-540 87-0 1:8 16 5-70 
541-720 88-0 1-5 26 4-45 


The average values of plasma phosphate concentration given in Table 2 
indicate that no clear relationship can be shown to exist between these values 
and those of either the plasma glucose concentration or the phosphate 
reabsorption. Admittedly, the average of the first three, of 4-05 mg P/100 ml. 
at 90-360 mg glucose/100 ml. plasma, is lower than that of the last three, 
4-92 mg/100 ml., at the higher blood sugar concentrations, but if such a 
relationship in fact exists, it is obscured by other variable factors. In indivi- 
dual experiments, the two may even vary inversely, as can be seen from the 
results shown in Figs. 4B and D. The relationship between blood sugar 
concentration and phosphate reabsorption, however, is of obvious practical 
importance if the possible influence of other agents on phosphate reabsorption 
is under consideration. 

In view of the depressant effect of a high blood sugar concentration on 
glucose reabsorption, the relationship shown in Table 2 does not necessarily 
denote a similar relationship between phosphate reabsorption and glucose 
reabsorption: Analysis of the results indicates, however, that such a relation- 
ship does exist. There is greater variability than in the plasma glucose con- 
centration—phosphate reabsorption relationship and clear-cut differences can 
be observed only at extreme values. It can be seen from the results given in 


Table 3 that phosphate reabsorption increases with increasing glucose 
reabsorption. 


TaBLE 3. The relationship between phosphate and glucose reabsorption 
Glucose Phosphate 


reabsorption reabsorption 8.2. No. of 
(mg/min) (% of filtered P) of mean j 
0-18 “74 2-7 30 
18-154 81 1-0 106 


54-1-72 92-5 1:3 5 
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DISCUSSION 


It is clear that the mechanism responsible for reabsorption of glucose in the 
kidney of the cat is'different from that common to other mammals in which 
the matter has been investigated in detail. At plasma glucose concentrations 
up to 270 mg/100 ml., reabsorption is practically complete; thereafter, 
reabsorption becomes less complete with increasing plasma glucose con- 
centration, irrespective of the absolute value of the filtered load. Thus, with 
a filtered load of 40 mg/min, 38 mg/min is reabsorbed at a plasma glucose 
concentration of 230 mg/100 ml., but only 20 mg/min at a concentration of 
500 mg/100 ml. 

Two possible explanations could be advanced to account for the observed 
facts. Ifa maximal rate of reabsorption were attained at 270 mg glucose/100 ml. 
plasma and whole nephrons closed down when the filtration rate was reduced 
by increasing plasma glucose concentration, there would be an overall reduc- 
tion in the amount of glucose reabsorbed, although the functioning units 
continued to reabsorb at the maximal rate. Were this the correct explanation, 
maximal reabsorption rates should be observed at a concentration of 
300-400 mg glucose/100 ml. plasma, since the highest filtration rates occur 
at this concentration. It is clear from the results given in Fig. 1 that this 
does not occur; depression of reabsorption is already well marked at this 
concentration, Moreover, in individual experiments the relationship shown 
in Fig. 1 was maintained when no change in filtration rate occurred; it was 
also independent of the direction in which the blood sugar concentration was 
changing. 

The second explanation, that increasingly high blood sugar concentration 
depresses glucose reabsorption, seems the only possible alternative. This is not 
seen in man or the dog, but in the frog (though not in Necturus (Wood, 1941)), 
it has been shown that a high concentration of glucose in the tubular capillaries 
diminishes reabsorption of glucose from the lumen of the tubule (Clark, 1922; 
Walker & Hudson, 1937), and a similar state of affairs seems to exist in the 
cat. This might be due to gradual saturation of the reabsorptive mechanism, 
or it could be due to passive diffusion of glucose from blood to tubule lumen 
at some point between the site of active reabsorption and that of facultative 
water reabsorption; in the fully formed urine the diffusion gradient would 
generally be in the reverse direction. 

The average G.¥.R. in the cat compares favourably with that in man, and 
is only little less than that in the dog (man, 3-15 ml./kg/min; dog, 4-3 ml./kg/ 
min; cat 4-12 ml./kg/min (fifty animals)), so that comparison of glucose 
reabsorption rates in relation to G.¥F.R. is justified. In man and dog, glucose 
Tm averages 200-250 mg/100 ml. a.r.x. The highest value encountered in 
the present series of cats was 490 mg/100 ml. c.¥.R. at a filtration rate of 
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10-6 ml./min and values of 400-450 mg/100 ml. have been observed at filtration 


rates of 15-20 ml./min. There is no suggestion, either in Fig. 1 or in individual — 


experiments, that a limiting value of reabsorption is being approached. 

The effect of varying plasma glucose concentration on filtration rate has 
not apparently been observed in other mammals, It is possible that the initial 
increase with increasing concentration might be due to dilution of plasma 
colloids following the injection of hypertonic glucose solution, and the sub- 
sequent decrease at higher concentrations due to increased intrarenal pressure 
resulting from abnormally high rates of urine flow. At present no positive 
evidence is available on the subject. A second alternative hypothesis which 
might account for the reduction at high blood sugar concentrations is that its 
diffusion through the glomerular capillary membrane under these conditions 
is sufficiently slow to impede the filtration of fluid by hydrostatic pressure. 
It has become increasingly realized (Pappenheimer, 1953) that in the move- 
ment of fluid through capillary walls, diffusion plays a large part in relation 
to hydrostatic pressure differences. Thus it is possible that at high blood sugar 
concentrations, the glucose, by failing to diffuse through fast enough, acts in 
the same manner as the plasma proteins. Without further information about 
the behaviour of such solutions at membranes of the same permeability and 
of the same magnitude of area as the glomerular capillary membranes, it is 
impossible to know whether such an action could account quantitatively for 
the observed depression in filtration rate. 

At any given blood sugar concentration the proportion of the filtered load 
which is reabsorbed is practically constant despite variations in the filtered 
load due to changes in filtration rate. The same phenomenon is to be seen also 
in the case of phosphate reabsorption, which suggests that the reabsorptive 
mechanism may be of the same pattern in the two. In contrast with that 
functioning in dog and man, the reabsorptive system appears to reabsorb 
a more or less constant percentage of the filtered load; were the process a 
passive one of back diffusion, greater reabsorption would be expected from 
a high concentration in the filtrate. 

A further point of difference between the behaviour of the cat’s kidney and 
that of dog lies in the interaction between glucose and phosphate, In the dog 
there appears to be competition between the two, for phosphate Tm is de- 
pressed when glucose is infused (Pitts & Alexander, 1944); whereas, in the 
cat, phosphate reabsorption is enhanced by a high blood sugar concentration. 
It is possible that this is only an apparent difference and that the enhanced 
reabsorption of phosphate is connected with the depressant effect of increased 
blood sugar concentration on glucose reabsorption. This explanation, how- 
ever, does not seem very probable, for there is not actually a diminished 
glucose reabsorption in these circumstances. The enhancement of phosphate 
reabsorption may, therefore, be due merely to the increase in available fuel 
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or to some more specific action, such as the resultant i increase in output of 
endogenous insulin. 

The apparent lack of effect of high plasma glucose concentration on plasma 
phosphate concentration is in sharp contrast to the depressant effect observed 
in man. In the glucose tolerance test, a fall in plasma phosphate concentration 
occurs when the blood sugar concentration rises under all normal conditions. 
In the absence of functioning pancreatic tissue, however, no such effect is 
observed, and in the presence of excessive pituitary secretion, a rise in plasma 
phosphate concentration occurs in place of the usual fall (Hartmann & Bolliger, 
1925). The complexity of factors, hormonal and metabolic, which can affect 
the plasma phosphate concentration, may well be sufficient to mask any 
relationship, if such exists, between plasma glucose and phosphate concentra- 
tions in cats under the experimental conditions obtaining in the work now 
reported. 

SUMMARY 


1. In the kidney of the cat, unlike dog and man, no maximal reabsorption 
rate (Tm) of glucose can be established. Reabsorption is practically complete 
up to a filtered load of 230 mg/100 ml. c.¥.R. ; thereafter it continues to increase 
at a slower rate. 

2. This latter effect is largely, if not entirely, due to the self-depressing 
effect of a high blood sugar concentration on glucose reabsorption (Fig. 1). 

3. The filtration rate is affected by the blood sugar concentration, rising 
to a maximum at 300-400 mg/100 ml. and decreasing again at higher con- 
centrations (Fig. 2). 

4. No maximal reabsorption rate of phosphate can be observed, reabsorp- 
tion increasing in linear fashion with increasing filtered load (Fig. 3). 

5. Phosphate reabsorption is enhanced by a high plasma glucose concentra- 
tion (Fig. 4 and Table 2) and by increased glucose reabsorption (Table 3). 
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THE EFFECT OF INSULIN ON THE EXCRETION OF GLUCOSE 
AND PHOSPHATE BY THE KIDNEY OF THE CAT 


By M. GRACE EGGLETON anp 8. SHUSTER 
From the Department of Physiology, University College, London 
(Recewed 28 January 1954) 


It has been shown that the pattern of both glucose and phosphate reabsorption 
differs in different species. In the cat, no Tm value can be demonstrated for 
either substance, whereas in man and dog, Tm values are observed for both 
substances. In the cat, phosphate reabsorption is enhanced by high plasma 
glucose concentration, but in the dog a high plasma glucose concentration 
depresses phosphate reabsorption. In view of these differences, it seemed of 
interest to determine the action of insulin in the cat, since glucose reabsorption 
is depressed by it in both man and dog. 


METHODS 


The whole technique, both physiological and chemical, was identical with that described in the 


preceding paper (Eggleton & Shuster, 1954). 

In all experiments the insulin (The British Drug Houses Ltd. ; Allen and Hanburys Ltd. (A.B.); 
Burroughs Wellcome) was injected intravenously: in some, as a single dose (4-5-8-0 units/kg) in 
the space of 2-4 min, and in others, an initial dose of 2-9-4-8 units/kg was followed by continuous 
intravenous infusion (with the glucose solution) of 0-9—1-8 units/hr. The strength of the glucose 
solution was increased at the same time. In eleven experiments intact cats were used and in three, 
acute pancreatectomy was performed 3-4 hr before the experiment was begun. Pentobarbitone 
anaesthesia (40 mg/kg) was used in all of them. 


RESULTS 

Insulin action on glucose reabsorption 

The effect of a high plasma glucose concentration in depressing glucose 
reabsorption makes assessment of the action of insulin in any one experiment 
doubtful owing to the technical difficulties of maintaining a constant plasma 
glucose concentration; in spite of the infusion of an increased concentration 
of glucose when insulin is injected, the blood sugar concentration rarely 
remains constant and the filtration rate (¢.F.R.) is not infrequently depressed 
by the injection and infusion of insulin. In one expériment in which the pancreas 
had been removed, a practically constant plasma glucose concentration was 
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attaimed with little change in filtration rate. The results of this experiment 

are given in detail in Table 1. | 
Taste 1. The effect of insulin in enhancing glucose reabsorption in the kidney 


3 hr 45 min bef iment 25 ml. 109 
infiusiom of 20%, glucose at 0-15 ml./min. (a 


glucose glucose  reabsorbed/ 


Time Urine flow G.F.R. tration tration ) 
(min) (mL/min) (ml/min) (mg/l00ml.) (%) x 100 
0-18 0-705 15-3 — 4-05 59-0 
18-34 0-975 16-1 _ 2-93 60-5 
34 0-810 13-1 2-98 59-0 
0-842 12-8 2-67 60-5 
74 — 450 
74-102 0-727 12-3 3-00 60-5 
102-130 0-750 12-95 _— 2-88 63-5 
Infusion changed to 30% glucose + 0-5 unit insulin/ml. 
132-136 10 units insulin intravenously (2 ml.) 
130-158 0-448 12-0 4-10 66-0 
158-188 0-352 13-4 4-33 73-5 
188-222 0-300 13-4 4-44 76-5 
222-236 0-335 11-8 — 3-56 76-5 
236 429 oe 
236-253 0-294 13-2 — 4°34 17-5 
253-279 0-223 11-35 — 5-23 76-0 


Although the plasma glucose concentration has fallen by only 30 mg/100 ml., 
the percentage reabsorption of glucose rises from 60 to 77 of that filtered, 
following the administration of insulin. The table also illustrates once more 
the relative constancy of reabsorption in any one animal when the plasma 
glucose concentration is kept steady. 

Insulin was administered to eleven normal animals, and in ten of them 
glucose reabsorption was increased. In five a single dose of insulin was given 
and the maximum response occurred 1-2 hr after injection. In the other five, 
an initial dose of 3-5-4-8 units/kg was followed by infusion at the rate of 
1-3-1-8 units/hr. A dosage of 2-9 units/kg with infusion of 0-9 unit/hr in the 
eleventh animal failed to cause any increase in glucose reabsorption. In Fig. 1 
the values obtained from nine of these animals and the three pancreatecto- 
mized ones have been plotted in comparison with the averages of all control 
values from thirty-nine animals. The control values obtained in the early 
part of these experiments varied from high to low of the average; nevertheless, 
all values obtained after administration of insulin fell above the average control 
values. In the one experiment whose results are not plotted in Fig. 1, a dosage 
of 3-5 units/kg followed by infusion of 1-6 units/hr at a concentration of 


concen- concen- ucose 
7 


nt 


ous 


INSULIN ON GLUCOSE AND PHOSPHATE EXCRETION 625 


1090 mg glucose/100 ml. plasma resulted in reabsorption of 38-48 %, of that 
filtered (average 43, s..+4°% (4)). This value is considerably greater than 
the control value obtained by extrapolation of the line joining the control 
values in Fig. 1. This procedure seems permissible since two control values 
between 910 and 1000 mg/100 ml. fall slightly below it (30 and 32% 
respectively). 
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Fig. 1. The effect of insulin in enhancing the reabsorption of glucose. + =control values averaged 
for each 45 mg/100 ml. change in plasma glucose concentration. The numbers indicate the 
number. of values averaged and the height of the vertical stroke denotes the s.. of the mean. 
@ = after insulin injection into normal cats; © =after insulin injection into depancreatized 
cats. Ordinate: (glucose reabsorbed/glucose filtered) x 100. 


Insulin action on phosphate reabsorption 

Since the degree of phosphate reabsorption is not affected by plasma 
phosphate concentration, comparison of values obtained before and after 
administration of insulin is simpler than in the case of glucose. The results of 
an experiment given in Fig. 2 are typical of those observed in twelve others 
(three depancreatized). The plasma glucose concentration was actually lower 
in the second than in the first part of the experiment (although the strength 
of the glucose infusion had been doubled after the insulin injection) and this 
by itself would have tended to be accompanied by diminished phosphate 
reabsorption. At the filtered loads obtaining, both before and after injection 
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of insulin, the average normal reabsorption of phosphate is only 80-85 % of 
that filtered. In this case the initial values were on the high side of average, 
owing partially at least to the raised blood sugar concentration, but they 
increased to 95 % under the full action of insulin. The results from all thirteen 
experiments have been plotted in Fig. 3, together with the average control 
values from these and many other experiments. In the animal which failed 
to show any enhancement of glucose reabsorption following injection of the 
smallest dose of insulin used, phosphate reabsorption also remained 
unaffected. 


P reabsorbed/P filtered x 100 _ 
— 90 
3-0} 
+, 
Plasma P 
(mg/100 mi.) 
380 
10 
— 
glucose 
(mg/100 ml.) 
@ 320 
13. GFR. (ml./min) 
| j 
: 100 200 min 
--13-6% glucose i.v.— —-27% glucose i.v. at 0-15 mi./min- — 
at 0-15ml./min 


20 units insulin iv. 


Fig. 2. The effect of insulin in increasing phosphate reabsorption. Cat, 3:5 kg 13-6% glucose 
infused at 0-15 ml./min for 1 hr previous to and for the first 65 min, following a priming dose 
of 25 ml. 9-1% glucose. 20 units insulin injected i.v. From 65 min onwards, 27% glucose 
infused, Urine flow 0-375—0-745 ml./min. 


Effect of pancreatectomy on phosphate and glucose reabsorption | 

In the pancreatectomized animal which yielded the results shown in Table 1, 
the values of glucose reabsorption, before administration of insulin, were on 
the low side of normal. Similar results were obtained in the second of the 
operated animals; in this case an initial reabsorption of 45°% at 630 mg 
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glucose/100 ml. plasma rose to 59% at 700 mg/100 ml. as the result of the 
injection of a rather smaller dose of insulin. In the third animal, the initial 
values were average ones (though before the operation they might well have 
been on the high side of average), but rose after the insulin was given. 
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01 02 03 04 05 06 07 08 09 10 14 
P filtered/min 

Fig. 3. The effect of insulin in enhancing phosphate reabsorption. + =normal. The height of the 
vertical stroke indicates the 8.8. of each average value when it is greater than 0-01 mg/min 
and the figures indicate the number of values averaged. @ = insulin injection into normal 
cats. © =insulin injection into depancreatized cats. 
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The effect of the operation on phosphate reabsorption was also inconclusive. 
In two of the animals, it was on the low side of normal but not in the third 
(one which had shown a low glucose reabsorption). Again, in all three, insulin 
caused a considerable increase in phosphate reabsorption in spite of a decrease 
in plasma phosphate concentration. The operation of pancreatectomy is a long 
and difficult one, and small amounts of pancreatic tissue are inevitably left 
behind; this line of attack was therefore discarded. 


Plasma glucose concentration and insulin effect on plasma phosphate con- 
centration 

The fall in plasma phosphate concentration seen in Fig. 2 was invariably 
observed following injection of insulin. The extent of the fall was influenced 
by the plasma glucose concentration, being less at high concentrations than 
at low. This effect is shown in Fig. 4, in which the value of plasma phosphate 


concentration at the point of maximum depression after insulin has been 
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expressed as a percentage of the last control value before the insulin injection. 
The excessive depression to some 20-30% of the control value at 200 mg 
glucose/100 ml. plasma is limited to only 80-90% at 700 mg/100 ml. 
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Fig. 4. The effect of varying plasma glucose concentration on the action of insulin in depressing 
plasma phosphate concentration. Ordinate: (plasma P concentration after insulin/plasma P 
concentration before insulin) x 100. + =normal cats. @ =depancreatized cats. 


DISCUSSION 


The effects described in this and in the preceding paper are complex and for 
ease of discussion may most profitably be recapitulated in diagrammatic form. 
Available information on similar points in the dog are also given for 
comparison. 


Cat | Plasma phosphate 
| = concentration concentration 
reabsorption 
Glucose reabsorption}, 
Dog Insulin—+ | Plasma phosphate | «High blood sugar 
concentration 
Phosphate bsorption | < 
| Glucose 


It has long been known that the effect of a given dose of insulin on the blood 
sugar concentration is greater the higher the absolute value of this concentra- 
tion. Hemmingsen & Marks (1932) established the relationship in rabbits over 
the normal range of blood sugar concentration and later workers extended it 
to higher concentrations (de Duve & Bouckaert, 1944). Thus, it is generally 
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assumed that the effects of a high blood sugar concentration will be similar to 
those of injected insulin, since the former causes increased output of endo- 
genous insulin. In the cat, this is true only of their effects on phosphate 
reabsorption, which is enhanced by both agents. This is in sharp contrast with 
the dog, in which a high blood sugar concentration causes diminished phos- 
phate reabsorption (Pitts & Alexander, 1944). If, in the dog, this is due to 
increased output of endogenous insulin, then the renal tubule cells must behave 
in very different fashion from that of tissue cells elsewhere to the action of 
insulin. In muscles, in vitro and in vivo, in liver and in all other tissues 
examined, insulin causes an increased turnover of phosphate (Sacks, 1945, 
1952; Greenberg, 1952; Stadie, 1954) with increased rate of entry of sugar into 
the cells, leading to a fall in the concentration of both glucose and phosphate 
in the plasma. It would seem that the cells of the renal tubules in the cat are 
behaving in similar fashion. 

This line of reasoning applies equally to the effect of insulin on glucose 
reabsorption; in the cat the renal tubule cells appear to behave as tissue cells 
in general, showing increased glucose reabsorption when insulin is injected. In 
man and dog the reverse effect is observed. In cases of diabetes mellitus 
glucose Tm is higher (both in absolute amount and in relation to G.¥.R.) than 
normal and is reduced by administration of insulin (Farber, Berger & Earle, 
1951), though this latter effect was not observed in all normal subjects. 
Similarly, in four out of six dogs tested, glucose Tm was depressed 10-20% by 
intravenous injection of 50 units of insulin (Shannon, Farber & Troast, 1941). 
It is possible, though unlikely, that these opposite actions of insulin in the cat 
and dog might be due to the presence of varying amounts of hyperglycaemic 
factor in the insulin preparations used. Some of the insulin (A.B.) used in the 
experiments on cats was stated by the makers to be free of the hyperglycaemic 
factor, but gave similar results to those obtained with other preparations. 

One respect in which the cat resembles dog and man is in the effect of 
injected insulin on plasma phosphate concentration. Many workers have 
confirmed the original observations of Harrop & Benedict on the dog (1923) 
and on man (1923, 1924) that a fall in this concentration follows administra- 
tion of insulin. In the cats a pronounced fall occurred in all the animals 
except in the one receiving the smallest dose of insulin. Levine, Loube & 
Weisberg (1949) think that the fall in plasma phosphate concentration is not 
due to the action of insulin as such but to its enhancement of the rate of entry 
of glucose into the tissue cells, since a high concentration of blood sugar in 
pancreatectomized dogs also produced a fall in plasma phosphate concentra- 
tion. In the cats, no such effect occurs either in normal or pancreatectomized 
animals. In fact, there is a slight suggestion of the reverse effect (Eggleton & 
Shuster, 1954), and a high blood sugar concentration undoubtedly mitigates 
the action of injected insulin in reducing the plasma phosphate concentration. 
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The obvious explanation of this difference in behaviour of the kidney in the 
cat and dog—that it is due to the action of high blood sugar concentration 
enhancing phosphate reabsorption in the cat and diminishing it in the dog— 
fails quantitatively to account for the phenomenon. In view of the complexity 
of factors, both metabolic and normal, which can affect the plasma phosphate 
concentration it would seem unprofitable at present to speculate further on 
this matter. 

The fall in filtration rate which occurs in some experiments after injection 
of insulin appears in the main to be associated with changes in the blood sugar 
concentration, which of themselves are sufficient to account for the fall 
(Eggleton & Shuster, 1954). On several occasions, injection of larger amounts 
of insulin after the end of an experiment caused only a just detectable fall in 
general arterial pressure. 

SUMMARY 


1. Injected insulin increases glucose reabsorption in the kidney of the cat 
(Table 1 and Fig. 1). 

2. It also increases the reabsorption of phosphate (Figs. 2 and 3). 

3. The depression of plasma phosphate concentration induced by injection 
of insulin is maximal at normal, and reduced by increasing, blood sugar 
concentration (Fig. 4). 
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Fluid flow in pipes may be laminar or turbulent. In laminar or streamline flow 


the fluid particles flow in concentric laminae which vary in speed progressively 
from zero velocity at the wall to maximum velocity in the axial stream. 
A profile of these velocities forms a long parabola. With such a type of flow 
there is no mixing across the lumen of the tube other than that due to diffusion. 
Poiseuille’s law only applies to laminar flow. In turbulent flow, on the other 
hand, the fluid particles pursue a random course so that the distribution of 
velocity is more nearly the same across the pipe, and there is thorough mixing 
of the fluid. The conditions establishing the transition from laminar to turbu- 
lent flow in pipes with steady flow were first described by Reynolds (1883), and 
from the use of his formula it is generally asserted that all venous flow is 
laminar (Burton, 1952; Green, 1944). However, the steady flow conditions of 
physical experiments are not found in the living body, and direct observations 
are needed to supplement the theoretical predictions. 

Laminar flow has been seen in the veins of various experimental animals. 
These observations have been reviewed by Franklin (1937), who first empha- 
sized the significance of the absence of mixing across the lumen of a vein. 
Since the introduction of catheterization of the great veins and the right 
auricle to obtain samples of venous blood the problem of mixing in the veins 
is of considerable practical interest. In experimental work the estimation of 
flow velocity from the injection of dye or radiopaque materials is dependent on 
the clear visualization of the parabolic profile such dyes assume in laminar 
flow. The presence of laminar or turbulent flow may also alter the calibration 
of flowmeters. 

The present study reports the results of observations of laminar flow and 
disturbances of laminar flow in a wide range of veins, mainly in the rabbit, 
but also in the cat and the dog; estimates of the Reynolds’ number have been 
made for each vein, so that it is possible to make some predictions of the 
nature of venous flow in larger species. 
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METHODS 


Cinematography. Flow patterns were photographed at 16, 24 or 64 frames/sec with a Paillard- 
Bolex H. 16 cine-camera on Kodak Super XX-reversal 16 mm film, using a deep red filter if 
necessary. One series of experiments was recorded with a Kodak Cine-Special camera on Koda- 
chrome by Mr Douglas Fisher and these have been prepared as a demonstration film (by the 
Wellcome Film Unit) to which reference may be made for further illustrations. Orthodox lighting 
systems were used. 

The demonstration of laminar flow was made, wherever possible, by naturally occurring streams 
of relatively well-oxygenated blood showing as red streaks against the other, darker, venous blood 
as described by Franklin & MacLachlin (1936a, 6). Otherwise Evans blue (5% in 0-9% NaCl or 
in 50% (w/v) dextran) was injected into a tributary of the vein being studied. This dye showed 
best when the venous blood was not very deoxygenated and hence fairly pink in colour. Urethane 
(2 g in 25% (w/v) solution/kg) was found to be the best anaesthetic in this respect and was used 
throughout for rabbits (pentobarbitone, 30 mg/kg, was used for cats and dogs). Animals were 
also given high concentrations of oxygen to breathe where it was thought that poor ventilation 
was causing dark venous blood. Rabbit blood saturated with carbon monoxide was used to 
create red streams in some cases, but the colour was not intense enough to photograph well. 

Velocity of flow was measured by filming the traverse of bubbles of oxygen injected peripherally. 
This method has been shown to be valid for measuring arterial flow velocity (McDonald, 19522). 
Injections of 0-1-0-2 ml. were found to be adequate for measuring flow velocity in the rabbit vena 
cava. Provided the injections were spaced with intervals of 2 min or more no untoward effects 
were noted. Venous pressure was measured with a polythene cannula in a tributary vein and a 
capacitance manometer (Southern Instruments Ltd.). 

ive exposure. The mesenteric and portal veins (occasionally the vena cava) were exposed 
through a midline abdominal incision. The abdominal vena cava was exposed retro-peritoneally 
through a right-flank incision, and injections were made into a femoral vein. The thoracic inferior 
vena cava was exposed through a lateral thoracotomy incision and injection was made from the 
femoral vein or a phrenic vein. The jugular vein was exposed from the front of the neck and the 
incision extended to the superior vena cava by a thoracotomy in the 2nd or 3rd intercostal space 
and by splitting the sternum, Injections were made in a marginal ear vein or a tributary in the 
neck. It was found possible to cannulate very small mesenteric veins by pushing a fine polythene 
tube (0-5 mm internal diameter) directly into them. To prevent damage by prolonged exposure, 
the veins, especially abdominal ones, were covered with liquid paraffin. 


RESULTS 


Mesentric veins. The finest branches in the mesentery were the smallest 
veins studied. Flow was always laminar and the streamlines were very stable. 
At some of the complex junctions near the root of the mesentery a stream of 
dye from a small vein might be seen to cross obliquely a larger vessel until it 
was on the far side and streams from veins proximal to it came to lie in its 
former position. Streams from different injection sources could be seen 
pursuing independent courses along the mesenteric vein. 

Portal vein. Spontaneous streams of differently oxygenated blood were 
occasionally seen in the por:.: vein but usually dye had to be injected. The 
rate of flow varied with phases of respiration (Alexander, 1951), but respira- 
tory movements of the liver also caused considerable lateral movements of the 
vein and some disturbance of flow resulted. This usually took the form of a 
lateral movement of the whole stream, but in some cases caused vortices to 
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appear. Distortion of the vein by retraction could very easily cause such 
vortices and for this reason moving the vein had to be avoided. Streams of 
dye from various sources of injection in the tributaries of the superior and 
inferior mesenteric veins could be seen to occupy different positions in the 
vein but they were not constant or predictable in any situation. Localized 
staining of the liver from an injection of one tributary could also be shown 
similar to that reported by Copher & Dick (1928) in the dog. 

Abdominal vena cava. The spontaneous appearance of streams of variously 
coloured blood was seen in almost every experiment, especially after first 
opening the abdomen, although the contrast in colour is usually most marked 
in animals in which the circulatory rate is greatly reduced. As reported by 
Franklin & MacLachlin (19365), they are especially well shown by the streams 
from the uterine veins in pregnant animals. Dye injected from the femoral 
vein formed easily demonstrable streams but as with the portal vein their 
position was not predictable. There was commonly a tendency for a stream 
to follow a helical course in the vena cava so that the flow from a left femoral 
vein, for example, might be seen to be on the right side in mid-abdomen. The 
pattern of flow was essentially stable in the abdominal vena cava of the rabbit 
even though there was a brief retrograde pulse with each respiration. When 
this was marked there was a tendency for the streams to be momentarily split 
into parallel filaments which oscillated with the changes in flow rate. 

Streamlines were observed in the abdominal vena cava of the dog. The 
pattern of flow here was similar to that in the rabbit. 

Measurements of flow velocity were made in four rabbits and two dogs. The 
highest velocity recorded was 18 cm/sec in a vessel of 1-0 cm diameter in a dog 
of 14 kg. Venous pressure at the distal end of the vena cava ranged from 
5 to 12 mm Hg in different experiments. 

Thoracic inferior vena cava. Spontaneous streamlines were occasionally 
observed in the thoracic vena cava. These were never seen to flow continuously 
throughout the respiratory cycle, and there was always some disturbance of 
flow pattern. A stream, or two parallel streams, would appear during inflation 
of the lungs; then during deflation an eddy would appear near the diaphragm 
which would obliterate the stream there. This flowed towards the heart and 
showed a small backward pulsation with each heart-beat. A quick succession 
of four or five such eddies or vortices would be formed, and analysis of the 
film record shows that there is a region of less disturbed flow between each one 
but no clear-cut stream. With inflation of the lung again the steady streams 
were re-established. 

The demonstration of laminar flow with dye injected from the femoral vein 
was always unsuccessful, which suggests that the streams were broken up by 
disturbances in the vein. On the other hand, a small injection of dye into the 
phrenic vein of the rabbit could always demonstrate a distinct stream close to 


fiiter if 
Koda- 
by the 
ighting | 
blood 
aCl or | 
thhowed 
ethane 
used 
3 were 
ilation 
ba. «to 
ell. 
y. 
9522). 
t vena 
effects 
and a 
neally 
iferior 
m the 
nd the 

in the 
hene : 
ure, 
lest 
able. 
of 
il it | 
n its | 
seen ! 
were 
The 
ira- 
the 
of a | 
s to 


634 E. P. W. HELPS AND D. A. McDONALD 


the wall of the vena cava. If the dye was injected further into the lumen of 
the vessel its pattern would be broken up. This indicates that there is laminar 
flow close to the wall of the vessel, but that there is a zone of disturbed flow 
further in. This condition is analysed below in the Discussion, and it is enough 
to say here that this is probably an annular vortex disturbance due to the 
back pulses from the heart, and that the axial streams are likely to be rela- 
tively undisturbed. Owing to the opacity of the blood this was not verified by 
observation in the vein, although it has been shown in models made of glass 
tubes. In dogs the thickness of the vena cava wall proved too great to follow 
the injection of dye accurately. 

Other factors causing disturbance of the blood in this vessel are the 
lengthening of the vena cava due to diaphragmatic movement, constriction 
by the diaphragm and lateral movements due to movements of the lungs. The 
first two of these were eliminated by making observations when the diaphragm 
was quiescent following hyperventilation. The effect of inflation of the lungs 
could only be eliminated for short periods by stopping the pump. Inflation 
of the left lung when the right lung was either resected or retracted to allow 
observation of the vein, caused the vein to be bent to the right side of the 
thorax. This was shown to be a partial cause of the relation of the streamline 
effect to inflation of the lungs described above, and it is thought that bending 
the vein moved the stream into the laminar boundary layer, while as the 
vein straightened again the stream moved into the disturbed zone. This 
lateral distortion of the thoracic vena cava is an artifact that presumably 
does not occur when the lungs are symmetrically placed in the thorax. 
Nevertheless, the vortices in the flow pattern described above could be seen 
even when the lungs were not being inflated. 

The superior vena cava is not subject to so many external movements as 
the inferior vessel, and is also of a smaller size (especially in the rabbit which 
has two superior venae cavae). The disturbances of laminar pattern are much 
less here and dye was followed as a more or less distinct stream from the 
jugular or the ear vein until it entered the heart in rabbits and cats. A similar 
disturbance of flow to that described in the inferior vena cava might be seen 
here. A spontaneous stream of darker blood could sometimes be seen running 
from the subclavian vein, and its margin as it turned into the vena cava 
showed the same oscillations in time with the heart and with respiration, 
small vortices being formed. In spite of these vortices, mixing across the 
vessel was never complete and the main outlines of the tributary stream could 
be seen. 

Pulmonary veins. Laminar flow was observed in branches of the pulmonary 
veins while the lungs were being inflated, but could not be visualized in 


vessels larger than 1-2 mm diameter in the rabbit because of their anatomical - 


disposition. 
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’s number. The Reynolds number for veins of varying size are 
calculated from the data above. Comparable figures from Schleier (1918) in 
the dog and Burton-Opitz (cited by Franklin, 1937) in the cat are also included. 
The formula used is 


McDonald (19526) and Coulter & Pappenheimer (1949), calculated this 
figure with radius (r) in place of diameter (D). However, as the general 
equation uses the “mean hydraulic depth’ (Goldstein, 1938) it is more correct 
to use the diameter. For comparison of the present figures with these authors, 
their values should, therefore, be doubled. 

p (density) is taken as 1-054. 

p» (viscosity) is taken as 0-017 poise (Green, 1944) as it is the lowest quoted 
in the literature and so will give the largest Reynolds numbers. (It is probable 
that the value 0-04 poise (Coulter & Pappenheimer, 1949) is more accurate 
for dogs and human beings.) No direct measurement of viscosity under 
existing flow conditions could be made. All observations are based on the 
spontaneous appearance of laminar blood streams so that the viscosity of the 
dye is ignored. Velocities given from personal observations are the highest 
recorded with presence of laminar flow in a given vessel. 


Capillary (Schleier) D=0-0008 cm V =0-05 cm/sec R,=0-003 
Small mesenteric vein (rabbit) D=0-01 cm V =1-0 cm/sec R,=0-6 
Small mesenteric vein (dog, Schleier) D=0-013 cm V =0-5 cm/sec R04 
Portal vein (rabbit) D=0:3 cm V (max.)=10 cm/sec 2,==190 
Abdominal vena cava (rabbit) D=0-'34 cm V (max.) = 18 cm/sec R,==360 
Thoracic i.v.c. (rabbit) D=0-6 cm V (max.) = 18 cm/sec R660 
Thoracic i.v.c. (cat, Burton-Opitz) D=0-8 cm V (max.)=12cm/sec 
Abdominal vena cava (dog) D=1-0 cm V (max.)=15 cm/sec 28,930 


Human. Thoracic venae cavae. Direct measurements of the velocity of flow 
are not available but may be estimated from the dimensions of the vessels and 
the cardiac output. The diameters quoted are a mean of measurements of five 
patients during thoracotomy by Mr O. 8. Tubbs. 

D (superior vena cava), 2-0 cm. 

D (inferior vena cava), 2-0 cm. 

V (mean) =10-7 cm/sec (cardiac output 41./min) or 16-0 cm/sec (cardiac 
output 6 1./min). 

R,=1320 (V =10-7) to 1980 (V =16-0) (u=0-017 poise). 

(The actual figures should allow for a peak velocity probably double the 
mean velocity and a greater viscosity (e.g. 0-04 poise) for human blood 
compared to rabbit blood. These correcffons would cancel out so that the 
values cited are of the right order of magnitude.) 
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DISCUSSION 


As the velocity of flow in veins increases as they approach the heart and as the 
calibre is also increased, it is clear that the largest Reynolds numbers are to 
be found in the venae cavae. The calculations above show that the critical 
number of 2000 is not likely to be exceeded, under conditions of rest, in all 
species up to, and including, man. Flow, therefore, should be laminar if 
disturbing factors are not present. These factors are (i) phasic fluctuations, 
including backflow, due to respiration and cardiac action, (ii) distortion of 
vessels by external forces, and (iii) conditions of flow at junctions. Dis- 
turbances of flow reported in the observations above have been all attributed 
by us to factors (i) and (ii). The onset of turbulent flow is defined as the 
condition where small initial disturbances increase in magnitude until they 
involve the whole of the flowing liquid (Lamb, 1932). As the disturbances 
described in the flow in large veins die away again it is not accurate to call 
the flow turbulent at these times, even though one effect of the disturbance is 
to cause the same transverse mixing of blood across the vessel as is caused by 
turbulence. The difference in concept arises because the physical definition 
depends on a steady flow state and such a steady flow is not found in large 
veins or in arteries where the occurrence of turbulence is most in dispute. 
Therefore the word turbulence is avoided here. 

(i) Arrest of flow with a small backflow phase was seen in superior and 
inferior thoracic venae cavae both in the rabbit and the dog. These observa- 
tions are in keeping with the measurements of flow in the inferior vena cava of 
the dog by Mixter (1953) and in the superior vena cava by Brecher & Mixter 
(1953). A reversal of flow in a vessel under laminar condition due to an increase 
of pressure distally has an effect mainly on the axial and paraxial streams 
which will gradually cause a laminar parabola to be established in the direction 
of the new flow. This takes a considerable distance to establish itself (Schiller’s 
input distance—Goldstein, 1938). Before this occurs, a region of maximum 
shear is set up around the paraxial laminae and a vortex ring develops. 
Between that and the wall of the tube a boundary layer which is still laminar 
continues to flow slowly in the original direction of flow. In these large veins 
the reversal of flow is of short duration and a steady state is never reached. 
The reversal is accompanied by the appearance of a vortex ring as described 
in the thoracic inferior vena cava. This also explains the observation that the 
break-up of the laminar flow does not occur with the maximum forward 
flow, i.e. at the maximal Reynolds number, and so differs from the typical 
onset of turbulence. It is also distinguished from true turbulent flow by the 
fact that the boundary layer nearest the wall is still laminar whereas normally 
turbulence commences in these layers. The transference of results in small 
species to a large animal such as man is, therefore, difficult as it depends on 
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the degree of reversal of flow, which is not accurately known, rather than on 
the maximal Reynolds number. It is safe ta.say, however, that the disturbing 
effect of such vortices will be greater in large vessels than in small ones. 

(ii) The distortion of vessels by external forces appeared to be the main 
cause of the degree of disturbance seen in the portal vein and to contribute 
to the disturbance in the thoracic inferior vena cava. Movement of the 
diaphragm has been shown by X-ray cinematography to cause lengthening and 
narrowing of the vena cava (Franklin & Janker, 1934) in inspiration, and the 
reverse change appeared to occur in the portal vein in our observations. 
Inflation of the lungs also caused lateral distortion of the vena cava, as 
reported above, but without confirmatory evidence in the intact animal we 
cannot say that this is a normal phenomenon in vena cava or portal vein. 
Slight degrees of kinking of the portal vein were seen to be a potent cause of 
disturbed flow and may occur under normal conditions. Rapid widening of 
vessels with respiration is a likely cause of disturbed flow. In physical models 
turbulence at a R, of 280 upwards when the entry is disturbed, is known to 
occur (Goldstein, 1938). 

(iii) The effect of junctions on flow is largely unknown. McDonald & Potter 
(1951) showed that flow is still laminar at the junction of the two vertebral 
arteries where the Reynolds number is of the order of 100, and flow was 
laminar at the junction of the iliac veins of the rabbit (R, 200-300) in the 
present series. However, some personal observations on glass tube models 
suggest that turbulence occurs at a junction at a value considerably below the 
normal critical one. In large species this factor may become important. 

For a consideration of the validity of Poiseuille’s law it is most important 
to know the type of flow in small vessels. The basilar artery of the rabbit — 
(D approx. 0-1 cm, R, 100) has stable laminar flow in spite of marked phasic 
fluctuations in velocity (McDonald & Potter, 1951). It is, therefore, safe to 
assume that all arteries smaller than this will have laminar flow. Larger 
arteries, however, may have transient phases of apparent turbulent flow like 


_ the rabbit aorta (D 0-3 cm, R, 600-1000; McDonald, 19526). Capillaries are 


commonly known to have laminar flow (see Franklin, 1937). The present 
observations have shown that laminar flow is certainly to be seen in veins 
with relatively steady conditions of flow up to a Reynolds number of 1000 
(dog abdominal vena cava D 1-0 cm) so that flow may be said to be laminar 
in all veins outside the thorax. Within the thorax the flow is fundamentally 
laminar, but subject to transient disturbance in the large vessels as discussed 
above. These disturbances have been seen with R, as low as 500-600, and with 
values of this order and higher it may be inferred that continuous laminar flow 
depends on steady flow conditions. 

The practical importance of disturbances in laminar flow for causing mixing 
across a vein, mainly concerns large veins. From our observations it appears 
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likely that the greatest amount of mixing will occur in the thoracic inferior 
cava of man, but even here it may well be incomplete. In the superior vena 
cava it may be less and in the hepatic veins it will probably be slight and so 
give rise to variations in sampling where venous catheterization is used, 
e.g. in estimating hepatic blood flow. Such irregularities of sampling have also 
been noted by workers estimating cardiac output by the Fick principle, using 
a catheter in the right auricle or even in right ventricle or pulmonary artery. 
Where errors in analytic technique can be ruled out, such sampling differences 
must be due to persistence of streamline conditions in these vessels. 


SUMMARY 


1. The presence of laminar flow by direct observation has been confirmed 
in veins ranging from the smallest mesenteric radicles in the rabbit to the 
abdominal vena cava of a dog weighing 14 kg. 

2. The Reynolds numbers have been computed and in the dog vena cava 
were of the order of 1000 at maximum. In the human the critical number of 
2000 may be reached in mild exercise. 

3. In the thoracic venae cavae, where marked phasic variations in flow 
were present, the flow pattern was more complex. With each respiration, and 
to a lesser extent each heart beat, an arrest, or reversal, of flow took place. 
This caused vortex rings to be formed, leaving a laminar boundary layer 
near the wall and also leaving the axial streams relatively undisturbed. These 
vortices caused some mixing in the vein. The effect of respiratory movements 
on the lumen of the vessel and the flow pattern are also discussed. 

4. With regard to larger species it is concluded that when the flow reaches 
a Reynolds number of 500 and above the flow pattern will be easily broken by 
marked changes in flow rate or by external deformation of the vessel. The 


actual degree of such disturbance depends as much on the factors causing it 
as on the Reynolds number. 


We are grateful to Prof. K. J. Franklin for his interest in this work and to the Wellcome 
Foundation for making a film of a series of the experiments. The Paillard cinecamera was financed 
by a grant from the Central Research Fund of London University to D.A.McD. We also thank 


Mr J. R. Womersley for advice on hydrodynamics and Mr O. 8. Tubbs, F.R.C.S., and Mr R. Hurt, 
F.R.C.S8., for measuring the veins of patients during operations. 
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A glass microelectrode suitable for the measurement of the 
intracellular pH of large cells. By P. C. Catpwei..* Department 
of Biophysics, University College, London 

This electrode has an external diameter of about 100 and can be inserted into 

large cells such as the 600 muscle fibres of the crab, Carcinus maenas, and 

the giant axon of the squid, Loligo forbesi. It consists of a length of 25 copper 
wire in a 50 capillary of low-resistance glass filled with n/10-HCl, the 
capillary being surrounded to within 0-5 cm of the tip with suitable insulation. 

The insulation consists of a layer of shellac encased in a second glass capillary 

of 80-90 external diameter. A second layer of shellac and an external layer 

of picene wax surround this second capillary. A 30, capillary electrode con- 
taining the saline in which the preparation is bathed may be attached to the 
insulation of the glass electrode. The detection of the resting potential of the 
cell by this capillary electrode is taken as a check that the glass electrode has 
been pushed into the cell. The resting potential in the region of the unin- 
sulated part of the glass electrode is usually measured with a Ling & Gerard 

(1949) electrode filled with 3 m-KCl. The intracellular pH is calculated from the 

resting potential, the potential change of the glass electrode on insertion or 

withdrawal and the pH of the bathing saline. 
Thirty determinations of the intracellular pH of Carcinus muscle fibres 


4 whose resting potentials lay between 30 and 55 mV have given a mean value 
= of 6-97 (s.D. 0-19), while the pH of the saline in which they were bathed was 


7-50 (s.p. 0-16). A few determinations of the intracellular pH of the squid 
giant axon indicated that this was about 6-8 for axons whose resting potentials 
lay between 40 and 55 mV, while the pH of the sea water in which they were 
bathed was 8-0. Comparisons of the glass microelectrode with tungsten micro- 
electrodes (Caldwell, 1953) when both are inserted into the same cell have 
shown that the latter are not reliable for measuring intracellular pH. 

In the demonstration the methods used for determining the intracellular 
pH of crab muscle fibres with the electrode will be shown. 

* L.C.1. Research Fellow. 
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The effect of electric polarization of sensory nerve endings on the 
discharge from a muscle spindle. By C. Epwarps.* Department of 
Biophysics, University College, London 


Katz (1950) found that mechanical stimulation of the spindle causes a slow 
depolarization of the sensory nerve endings, which gives rise to repetitive 
firing in the afferent axon. One might expect, therefore, that the impulse rate 
would be altered by changing the level of polarization of the nerve terminals. 
This was already indicated by a finding of Matthews (1931), namely, that the 
discharge rate was modified when a steady current flowed through the muscle. 
In the present experiment, the polarizing current is applied to the terminal 
portion of the sensory axon from which the impulses are recorded. The effect 
will be demonstrated on a preparation consisting of the M. ext. |. dig. IV of the 
frog whose nerve supply has been reduced to a single sensory axon. The muscle 
is mounted in Ringer at an oil/Ringer interface with the nerve fibre lifted into 
the oil. Electrodes are applied on either side of the stretch of isolated axon 
and connected through suitable decoupling devices to the input of the amplifier 
as well as to the polarizing circuit. The muscle length is adjusted to give various 
rates of discharge. When the nerve endings are polarized cathodically, the 
impulse frequency increases; with anodic polarization the frequency is reduced. 
* Fellow of the National Foundation for Infantile Paralysis, New York. 
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Electrotonic changes in the random activity of motor nerve endings. 
By J. pew CastiLto and B. Katz 


Some neurohistological observations on Pacinian corpuscles. By 
T. A. and M. Sato 


A simple apparatus for measuring the Pulfrich effect. By R. A. 
WeaLe. M.R.C. Group for Research in the Physiology of Vision, Institute 
of Ophthalmology, Judd Street, London, W.C. 1 


When a swinging pendulum is viewed binocularly and a grey filter is placed 
before one eye, the bob appears to describe an ellipse in the horizontal plane. 
This is due to the latent period for weak stimuli being longer than that for 
strong ones (Pulfrich, 1922). The phenomenon can be shown with any object, 
oscillating mechanically, provided the frequency of the oscillation is not more 
than about 5/sec. It is suitable for demonstration to a whole class: variation 
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in the latent period of vision of as little as 1 msec can be measured; it also 
lends itself to the measurement of the spectral sensitivity curve, and to 
illustrating differences between foveal and peripheral parts of the retina. 

The disadvantages of a free pendulum are that it needs constant attention 
and that the amplitude of swing cannot be kept constant. The latter is im- 
portant from the point of view of evaluating results. The following simple 
apparatus has been designed to overcome these difficulties (Fig. 1). A light 
thread runs over two frictionless pulleys P. It carries a mark F which takes 
the place of the pendulum bob. One end of the thread is attached eccentrically 
to a disk, rotated by an electric motor Z. The other end carries a small weight 
W, just sufficient to keep the thread taut. The pointer M, attached to a long 
rod (at right angles to the plane of the diagram), enables one to determine the 
apparent positions of F both on the near and the far sides of its path. The rod 
carries a centimetre scale. The amplitude z, of the motion is controlled by the 


W 


Fig. 1. 


eccentricity of the attachment of the thread, its period and by the speed of 
the motor. The transmission of the grey filter and the viewing distance D 
provide additional variables. The trajectory of F is given by 


D 2 2 
D) sin 
where z and y represent the apparent position of M at any time, p is the inter- 
pupillary distance, and 8 is the difference between the latent periods of the two 


eyes. It can be shown that the axis b of the ellipse perpendicular to the 
objective motion of F is given by 


b 24D where A= 
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Thus a variation of only the observing distance D provides a ready means of 
re the difference in latent period 6. 


REFERENCE 
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Two low resistance, low dead space respiratory valves. By R. G. 
BANNISTER and R, 8. Cormack. University Laboratory of Physiology, 
Oxford 

Most standard respiratory valves have an uncomfortably high resistance to 

flow; those with a low resistance tend to have a dead space so large that 

sampling of the alveolar air aa the method of Rahn & Otis (1949) is not 


possible. | 


Fig. 1. Sagittal sections of low resistance valves. A, expiratory valve unit (detachable). 
inspiratory valve unit (detachable), C, alveolar air sampling tube. D, tube for eatin, 
mouth pressure to Rahn—Otis sampler. Z, 2-5 V light bulb. F, mica observation window. 
G, wire stop to prevent jamming of inspiratory valve. X, tube for mouthpiece, round in 
valve I, oval (2-9 x 1-1 cm) in valve II. 


The valves described here have three features designed to minimize their 
resistance: (1) hinged valve flaps operated by gravity, (2) angled inlet and 
outlet tubes and (3) absence of bevelling of inlet and outlet tubes. 

Valve I was designed for exercise experiments; it is robust and reliable, and 
its very low resistance is similar to that of the valves used by McKerrow 
(1953) (Cotes, personal communication); ; Its dead space is, however, much 
smaller. In valve II the dead space is still further reduced by careful positioning 
of the valve flaps so that even at low ventilations the Rahn—Otis method agrees 
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quite closely witlf the Haldane-Priestley method of measuring the alveolar 
pCO,. It requires delicate adjustment, and so far has been used only during 
resting experiments. When used with the standard apparatus for measuring 
ventilation, either valve contributes only about one-third of the total resistance. 


Taste | 
Type of valve Dead space Resistance to steady flow 
Type I 70 mi. 8 mm H,0 at 250 |./min 
Type I 10 ml. 11 mm H,0O at 250 1./min 
Standard Douglas valve ( mica flap) 55 ml. 54 mm H,0 at 150 1./min 


Standard Siebe—Gorman valve (rubber flap) 40 ml. 38 mm H,0 at 150 1./min 
Materials. Valve flaps and observation windows, mica; hinges, zinc oxide 
adhesive plaster; remainder, brass. 
REFERENCES 


McKerrow, C. B. (1953). Proc. Roy. Soc. Med. 46, 532. 
Rahn, H. & Otis, A. B. (1949). J. appl. Physiol. 1, 717. 


A light-weight respiratory valve. By J. V. G. A. Durnin. Institute of 
Physiology, University of Glasgow 

The respiratory valve described is a modification, for use with portable 

metabolic apparatus, of a valve designed in the University Laboratory of 

Physiology, Oxford (Bannister & Cormack, 1954). 
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The casing of the valve is of Perspex and the design and dimensions are 
shown in the figure. 

The dead space may be varied, since the inlet and outlet valves are ad- 
justable, and is about 15 ml. at the minimum. These valves can also be with- 
drawn, by means of a retractor, for repair or renewal. The flaps are of thin — 
Perspex sheets and are held in position by coiled piano-wire springs. 


REFERENCE 
Bannister, R. G. & Cormack, R. 8. (1954). J. Physiol. 124, 4 P. 


An integrating soap-film flowmeter. By M. Atnsworts and J. W. 
Eve.eicu. Chemical Defence Experimental Establishment, Porton, Wilts 


Measurement of the volume of air respired by a small laboratory animal 
requires a device which offers a minimum of resistance to air flow. 

Barr (1934) first pointed out the uses of soap films in measuring rates of air 
flow, and the soap-film flowmeter is now well known. It is essentially a glass 
tube along which the film is carried, the time for its passage between two 
volume calibration marks leading to an estimate of the average rate of flow. 
The instrument possesses the advantages of being simple, absolute and almost 
without resistance to flow. For continuous operation, however, new films must 
be formed repeatedly in the tube. 

In the present instrument, the soap film is carried along a tube of known 
volume until it connects a pair of electrodes, The current destroys the film and 
causes a relay to operate a device forming a new film in the tube. Thus, films 
are successively formed and carried along the tube, each operation of the relay 
representing the flow of a unit volume of air. Used in conjunction with a 
suitable time base (e.g. kymograph) the instrument allows an air flow to be 
recorded as a series of ‘unit-volume’ pulses, or a simple counting device can 
be employed to integrate the flow over a measured time. 

A full description of the instrument will be published elsewhere. 


REFERENCE 
Barr, G. (1934). J. sci. Instrum. 11, 324. 


A pressure-volume diagram recorder for respiration in man. 
By W. Arnort, J. Butter and A. C. Prcock. Department of 
Medicine, Queen Elizabeth Hospital, University of Birmingham 

An analysis of the work done in overcoming the elastic and non-elastic re- 

sistance offered by the lungs and respiratory passages during a respiratory 

cycle requires continunzs simultaneous values of intrathoracic pressure and 
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volume of air displaced. These data are plotted on rectangular co-ordinates, 
thus obtaining the closed loop characteristic of a combination of elastic and 
viscous resistances. So far as we know volumes of air respired have usually 
been measured by a pneumotachograph which records the velocity of air flow 
throughout a cycle; these values are converted to volume flow either by 
planimetric integration or by electrical integration of the rate of flow signal. 
The latter method enables the signals derived from pressure and flow to be fed 
to the 2- and y-axes respectively of a cathode-ray tube, thus visualizing the 
pressure-volume (P-V) diagram. 


The apparatus demonstrated produces a photographic record of the P-V 
diagram by means of a mechanical/optical system combining volume displace- 
ment of a spirometer of the type described by Bernstein, D’Silva & Mendel 
(1952) and intra-oesophageal pressure indicated by a galvanometer connected 
to a mechano-electric transducer at the outer end of a saline-filled plastic 
tube in the oesophagus (Dornhorst & Leathart, 1952). 

The oesophageal pressure galvanometer is of the mirror type the beam of 
which moves horizontally. This beam falls on a long plane mirror mounted on 
a horizontal axle rotated by a lever attached to the counter weight of the 
spirometer. The final beam which is directed downwards on to an aerial survey 
camera has therefore a horizontal component (x) representing pressure and a 
vertical component (y) representing volume displacement. 
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The resistance to air flow offered by the spirometer is less than that offered 
by a Lillie (1950) pneumotachograph. 

This apparatus evolved from a simple and less versatile arrangement in 
which the galvanometer beam fell directly on a film contained in a carrier 
attached to the counter-balance of the spirometer. 


We are indebted to Dr Kenneth W. Donald for help and advice, to the Endowment Research 
Fund of the United Birmingham Hospitals and to Messrs Imperial Chemical Industries for 
financial support. 

REFERENCES 


Bernstein, L., D’Silva, J. L. & Mendel, D. (1952). Thorax, 7, 255. 
Dornhorst, A. C. & Leathart, G. L. (1952). Lancet, ii, 109. 
Lillie, J.L. (1950). Methods in Medical Research,2,p. 113. Chicago: The Year Book Publishers, Inc. 


A demonstration of the reduction of the body temperature in dogs 
by surface cooling. By H. C. Caurcarii-Davinson, R. B. Lynn, 
I. K. R. MoMirzan and D. G. Metrosz. Department of Anaesthetics, 
St Thomas’s Hospital, Department of Surgery, Postgraduate Medical 
School, Hammersmith and Department of Cardiology, St Thomas's 
Hospital, London 
A method of reducing the body temperature of dogs to low levels is demon- 
strated. The dog, anaesthetized with thiopentone sodium and suxamethonium, 
is partially immersed in ice-water at approximately 5°C. Hyperventilation with 
CO, absorption is maintained by mechanical means using a positive-negative 
respirator attached to a cuffed endotracheal tube. Blood pressure and electro- 
cardiogram are continuously displayed on an oscilloscope. Body temperature 
is measured by rectal and intra-oesophageal thermocouples. 

The purpose of this preparation is to study particularly the change in oxygen 
consumption and the incidence of cardiac arrhythmias during reduction of the 
body temperature to 18-20° C. 

The oxygen consumptions obtained in this study verify that there i is a linear 
reduction in metabolic demands by the organism as a whole during reduction 
of the body temperature from 38 to 14°C. Unfortunately, the greater the 
reduction of body temperature the greater are the risks of spontaneous ventri- 
cular fibrillation and cardiac standstill. The use of vigorous artificial respiration 
does much to reduce the incidence of such complications. 


A servo-regulated ink recorder for isolated smooth muscle pre- 
parations. By D. F. Hawkins and C. N. Smyru. Obstetric Unit, 
University College Hospital Medical School, London, W.C.1 

The apparatus consists of a servograph (Fielden Electronics Ltd.), modified 

for isotonic recording of displacement. The isolated preparation is maintained 

in a Burn—Dale bath, and a thread attached to the free end of the muscle passes 
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over a pulley to which a small metal plate (P, in Fig. 1) is attached. The move- 
ments of this plate are followed by those of a similar plate (P, in Fig. 1) 
attached to the motor-driven pen, a fixed distance being maintained between 
the two by the constant-capacity circuit of the servograph. There is a small 
time lag between the movement of the pulley and that of the pen, a full-scale 


deflexion of the pen taking some 4 sec to record. 


sensi 


Pen 


Fig. 1 shows the metal plates (P, and P,) between which a constant capacity is maintained. 
The motor-driven pen thus follows the movements of the pulley. 


The circular recording charts are readily replaced. The records may be 
transcribed to linear co-ordinates, should this be desired, by a simple mechanical 
device which is also demonstrated. 

The recording apparatus is being used for routine gut assays. 

We are grateful to the Nuffield Foundation for a grant covering expenses. 


Regulation of body temperature in laboratory animals by a 
proportional temperature controller. By C. N. Smyra 


_ Pressure receptor activity in the isolated perfused carotid sinus. 


By J. Diamonp 


Depression of nervous conduction by sympathomimetic amines. 
By W. D. M. Paton and J. W. Toomrson 
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A syringe pressure transducer used to record intra-uterine 
pressures. By P. R. Mymrscoven* and C. N. Smyra.t Department of 
Pharmacology, University College, London, and Obstetric Umit, University 
College Hospital Medical School, London, W.C.1 

By the use of a linear differential transformer (Felice, 1852), displacement of a 
minute order may be measured. A pressure sensing unit utilizing this principle 
has been built into the piston of a standard 20 ml. syringe, and used to record 
intra-uterine pressures in the rabbit, guinea-pig and rat. The syringe is con- 
nected by fine Portex tubing to a latex uterine balloon. The piston may be 
locked in position when the initial pressure has been suitably adjusted. 

A thin beryllium-copper diaphragm is mounted in the face of the piston. 
On the back surface of the diaphragm is fixed a ferromagnetic core (} in. 
diam.) on an axial threaded shaft. The coil assembly surrounding the core lies 
in the body of the piston. Displacement of the core by movement of the dia- 
phragm disturbs the balanced inductance bridge between the coils. The output 
at 5000 c/s for 1 V excitation is 10V per micro-inch displacement. This is 
amplified, rectified, and fed to a Fielden servograph, which records on a cir- 
cular ink chart or a smoked drum. 

Diaphragms of 1-3 x 10-* in. thickness have been used. The instrument has 
been employed with the thicker diaphragm to record intra-uterine pressures 
during human parturition, and blood pressure. For these purposes the syringe 
may be sterilized by heat without damage. The same circuit has also been used 
to record isotonic muscular contractions from the surface of the human uterus 
exposed at operation. 


* Clinical Research Fellow, Medical Research Council. 
t Nuffield Research Assistant. 


REFERENCE 
Felice, R. (1852). Ann. Chim. (Phys.), series 3, 34, 64. 


Recording vasomotor changes in the rat’s tail. By C. P. Luck 


A membrane manometer. By C. P. Luck 
New method for testing local anaesthetics in man. By J. L. Moncar 


A recording flowmeter. By F. Bauiaartcuert, F. Ives and F. R. Winton. 
Department of Pharmacology, University College, London 

Pentobarbitone anaesthesia in dogs maintained automatically by intravenous 

infusion controlled 80 as to keep arterial pressure constant (Winton, 1952) 

requires varying infusion rates at different times, The flowmeter now demon- 
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strated was designed to record these rates but could easily be adapted to other 
ranges of flow. It consists of an automatic Ludwig-type flowmeter, fairly 
compact and silent in action, the switch-over being actuated by conduction 
of a minute current through the column of liquid. This increases the grid bias 
of the corresponding input pentode which produces a pulse of current from the 
corresponding output tetrode lasting about 0-1 sec, so short a time that a 
relatively high current (e.g. 50 mA) can safely be passed through the thin wire 
of the armature. The output valves are normally biased far enough practically 
to abolish anode current which would be a standing current in the armature. 
The circuit diagram is simplified by omitting the power pack and arrangements 
for supplying potential from the junction between the two voltage-regulating 
neon diodes to the screening grids. The amplifier provides ample energy for a 
signal operating on each switch-over and recording on a smoked drum. 


BON 5400 


The fluid dispersal valve consists of two suitably ported flat disks of Perspex 
maintained in leak-proof contact by a strong helical spring and lubricated with 
Dow Corning Silicone ‘valve seal A’. One of the Perspex disks is actuated 
with limited semi-rotary movement by a two-pole (Siemens ‘H’) armature 
wound inductively with a centre-tapped coil of 44 s.w.g. copper wire, the d.c. 
resistance being 4000 2. 

The armature derives its movement by virtue of its externally energized 
repulsion-attraction characteristics while situated in a strong permanent 
magnetic field, direction of movement being decided by whichever half coil 
is energized, Energy is fed to the coils by two semicircular slip rings and copper 
carbon brushes and a single flexible wire. Armature, permanent magnet, pole- 
pieces, slip rings and brushes were obtained from a telephone bell ringing hand 
magneto, The armature was rewound. 


REFERENCE 
Winton, F. R. (1952). Harvey Lect. 47, 49. 
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Cryoscopic apparatus suitable for studies on aqueous humour 
and cerebro-spinal fluid. By H. Davson and C. Purvis. Medical 
Research Council, Department of Physiology, University College, London 

On seeding a supercooled body fluid with ice, the temperature rises as the 

latent heat of fusion is liberated, and the steady temperature reached is taken 

as a measure of the freezing-point. In fact, of course, this temperature repre- 
sents a steady state of balanced heat loss to the surrounding supercooling 


Fig. 1. 

medium and heat liberation by the freezing fluid, and it will vary considerably 
with fluctuations in the thermal conditions. Finding it impossible to obtain 
regular results by the usual methods, we have attempted to reduce the effects 
of variations in the thermal conditions by using two thermocouples in opposi- 
tion, each immersed in one of two solutions to be compared; they are super- 
cooled simultaneously, and to the same extent, by placing in a chamber 
surrounded with a mixture of frozen 3% NaCl in 3% NaCl solution, and seeded 
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in quick succession. After 5 min the galvanometer shows a steady deflexion 
lasting for some 5 min. Over the range studied (0-165-0-149m) this deflexion 
is proportional to the difference in concentration in the two fluids. 

The apparatus is illustrated in Fig. 1. Equal quantities (0-3 ml.) of the 
solutions to be compared are placed in identical lidded nickel boxes (Fig. 1, 
D, inset). Through the lids of these boxes, which are sealed to the ends of glass 
tubes, B, the copper-constantan thermocouples project so as to be surrounded 
by the solutions. The leads from the thermocouples are brought through rubber 
tubing, C, and the free copper wires are connected, by way of a double pole- 
single throw copper switch, to a galvanometer (2-5 x 10-* A sensitivity). The 
nickel boxes are suspended in glass-stoppered vessels (15 x 2:5 cm), being held 
in place by the.pieces of tubing, B, which are sealed to the ground-in stoppers 
of the glass vessels, The two vessels are inserted through holes in a large bung 
which fits into a Dewar flask filled with cooling mixture; a hand-stirrer, E, 
passes through another hole in the bung. Seeding is brought about by passing 
through the tubes, B, glass rods, at the end of each of which is a platinum loop 
containing a crystal of ice. The whole apparatus is enclosed in a small cupboard 
to shield it from draughts, the switch being operated from outside by means 
of a long arm projecting through a hole in the cupboard. 

Because it is difficult, if not impossible, to make a pair of thermocouples with 
identical characteristics, the apparatus must be zeroed by observing the galvano- 
meter deflexion when identical solutions are frozen. Two solutions of NaCl 
(0-1655 and 0-157), differing in concentration by 5%, gave a mean deflexion 
from the zero position of 19 mm, the maximum variation being +2 mm. 

The average difference in total osmotic concentrations of cerebro-spinal 
fluid and aqueous humour, estimated with this apparatus, was 3-5% 
(+0-11 8.8.) the cerebro-spinal fluid being invaridbly the stronger solution. 
When cerebro-spinal fluid and plasma were compared the difference was 
16% (+1-08..), plasma being the stronger; however, on comparing plasma 
with its dialysate, a difference of 2% (+ 0-02 s.z.) was obtained, plasma being 
the stronger. Since the excess of osmotically active material in the plasma 
over that in its dialysate is unlikely to be more than 0-5%, great care must be 
taken in interpreting cryoscopic comparisons of protein-free with protein- 
containing solutions. 


Measuring the continuous eruption of the rabbit mandibular 
incisor. By A. R. Ness. Dental Department, University College Hospital 
Medical School and Department of Physiology, University College, London 

The continuous eruption of rodent dentition may be studied by following the 

rates of extrusion of the teeth from their sockets. A fixed point of reference 

is necessary, and measurement to an accuracy greater than +0-05 mm is 
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desirable. In previous studies it has been customary to take direct. measure- 
ments between some point on the gingival margin and a mark made on the 
tooth surface. Taylor & Butcher (1951) claim to have reduced the error of 
measurement on any one occasion to + 0-02 mm, but the error due to variation 
in the gingival crest from day to day is probably greater than this. It seemed 
_ likely that less variation would occur in the position of the bone of the tooth 
socket than in the soft tissue overlying it. 


0 5mm 0 


Fig. 1. (a) Silhouette of a standard radiograph of rabbit mandibular incisors, showing hard 
tissues and amalgam markers. The image is orientated on a cross-piece for measurement, the 
tips of the inter-incisal septum being set at O. (6) A similar silhouette, drawn from a radio- 
graph taken a week later, of the same animal. 


Accordingly the crest of the bony inter-incisal septum has been used as a 
reference point. Dental radiographs are taken twice weekly under standard 
conditions; silver amalgam fillings provide markers on the tooth surface 
(Fig. 1). For the deep anaesthesia necessary for the radiography, rectal 
bromethol, 12 ml./kg of a 2% solution in water, has been found most satis- 
factory; induction takes less than 5 min, recovery follows in about 30 min, 
and no ill effects have been found after its use for over a year in the same 
animal. For measurement, an image of the radiograph, magnified about 20 
times, is projected on to squared paper, a cross-piece being orientated to the 
image (Fig. 1). An advantage of the method is that the records are permanent 
and can be examined at leisure. 

A preliminary statistical analysis has been made of errors arising from the 
technique of measurement of any one record, of differences between films due 
to difference in radiation, development, etc., and of differences due to in- 
accuracies of positioning during radiography. This shows that the total 
standard deviation resulting from these errors of method is +0-043 mm for 
any one measurement. No estimate can be made of variation of the point of 
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reference, but it has been found that any asymmetry of the inter-incisal septum 
remains constant over long periods. It should be noted that eruption of the 
rodent incisor follows a spiral course and that, in this method as in others, the 
spiral movement is measured as linear movement past a point of reference. 
No effects have so far been traced to the anaesthetic, to radiation or to the use 
of amalgam fillings as markers. 


Dr D. E. Barton very kindly made the statistical analysis. 


REFERENCE 
Taylor, A. C. & Butcher, E. O. (1951). J. exp. Zool. 117, 165. 


Potential changes in sympathetic ganglia. By J. E. Pascor 


A versatile myograph stand. By G. L. Brown and W. C. Lister 


A technique for the study of the behaviour of the autotrans- 
planted kidney, adrenal and ovary of thedog. By W. J. Dempster. 
Department of Surgery, Postgraduate Medical School, London, and the 
Buckston Browne Research Farm, Downe 


These organs are approached by a trans-abdominal route in the dog anaes- 
thetized with sodium pentobarbitone (30 mg/kg intramuscularly). The organs 
on the left side are chosen because the left ovarian vein joins the left renal 
vein. The left lateral peritoneal fold is cut and the incision extended upwards 
above the level of the adrenal gland and downwards below the level of the 
ovary. The left Fallopian tube is ligated and divided close to the ovary which 
is now free to be mobilized along with the tissues subjacent to the kidney. 
A lumbar vein crosses the lower pole of the adrenal where it is joined by the 
adrenal vein. This vein is ligated and divided lateral to the adrenal which is 
now mobilized with the kidney. The renal vessels are ligated and divided and 
the ureter is sectioned below the level of the brim of the pelvis. 

The block of tissue is now placed in the pelvis where the left common iliac 
artery and vein have been prepared. The renal artery is anastomosed end-to- 
side to the common iliac artery; the renal vein is anastomosed end-to-end to 
the ligated and divided common iliac vein. The sectioned ureter is reimplanted 
into the bladder by the double-flap technique. 

On releasing the clamps a circulation is immediately effected through the 
kidney and its adjacent organs. Blood can be seen leaving the adrenal vein 
and varies in volume. Gradual pressure on, and later ligation of, the adrenal 
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vein can usually be carried out with impunity. The venous drainage of the 
adrenal gland is effected through small capsular veins which find their way into 
the renal vein. 

By means of this technique, the transplanted ovary and adrenal derive their 
blood supply from the renal artery. The blood supply to the ovary is invariably 
complete, while that to the adrenal varies. If adequately supplied with blood, 
a transplanted kidney and adrenal can maintain normal health after the contra- 
lateral kidney and adrenal have been removed. 

The fact that the blood supply to the adrenal varies provides a method for 
studying adrenal regeneration in the dog. The zona glomerulosa is usually well 
supplied, but the other two zones of the cortex undergo necrosis in those areas 
not supplied with blood. This fact allows one to examine the validity of the 
concept of the constant evolution of the cells of the zona glomerulosa into those 
of the fasciculata and reticularis. In the present experiments (14), no evidence 
has been found to support such a concept. Islands of glomerulosa-like cells 
arise in the capsule of the adrenal and do not differentiate into cells of the inner 
two zones of the cortex. The physiological behaviour of the kidney autotrans- 
planted to the iliac vessels is normal two weeks after the transfer. 

Adrenal regeneration can also be studied when the block of tissues is auto- 
transplanted to the neck, although in this situation the kidney functions 
abnormally, whether alone or accompanied by the adrenal and ovary 
(Dempster & Joekes, 1953). 

REFERENCE 
Dempster, W. J. & Joekes, A. M. (1953). Acta med. scand. 147, 99. 


Polar clothing on the British North Greenland Expedition. By 
H. E. Lewis. (Film) 


Prehension, rumination and progression after lesions of the motor 
cortex in goats. By E. C. Amoroso, F. R. Bett and A. M. Lawn. 
(Film) 


A method of easily observing the dichroism of the visual rods. 
By E. J. Denton. Physiology Department, University of Aberdeen 
The observation that the visual rods of the frog are dichroic (Schmidt, 1938) 
has been confirmed upon the rods of Salamandra maculosa. 
The preparation (Fig. 1) generally used was not a single rod (cf. Schmidt) 
but the retina freshly dissected in dim red light and laid, carefully folded, upon 
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a microscope slide. At the edge of the fold piles of rods are formed, all lying 
on their side and all pointing in the same direction. Such a preparation shows 
very striking changes in its absorbing properties when the plane of polarization 
of the light coming to the retina is changed. The change in absorption with 
plane of polarization is always such that the absorption is greatest with the 


Fig. 1. Salamandra maculosa. Photographs of a fresh retina made with green light of wave- 
length approximately 0-52 » (Ilford filter 604). The photographs were all made in the same 
way—the differences in darkness represent differences in absorption of the retina. Left-hand 
side: the unbleached preparation. Right-hand side: the same preparation after bleaching 
with white light. The plane of polarization used in making a photograph is shown by an arrow 
at its side. a and c, plane of polarization across the axis of the rods; 5 and d, plane of polariza- 
tion along the axis of the rods. 


plane of polarization across the axis of the rods and least with the plane along 
the rod axis. 


I wish to thank Dr M. H. Pirenne for the loan of filters obtained through the Medical Research 
Council and Professor T. C. Phemister for the loan of a petrological microscope. 


REFERENCE 
Schmidt, W. J. (1938). Kolloidzschr. 85, 137. 


On the orientation of molecules in the visual rods of Salamandra 
maculosa. By E. J. Denton. Physiology Department, University of 
Aberdeen 


The polarization analysis of the state of visual purple in the rods (Schmidt, 
1938) has been extended, using a photographic method and the preparation 
described in the previous paper, into the near ultra-violet and to cover the 
time following bleaching. | 

W. 8. Stiles (private communication) has made the suggestion that the 


difference between the absorption curve of visual purple in solution and the 
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scotopic visibility curve might be explained by the orientation of the visual 
purple molecules in the rods with their long axes at right angles to the rod axis 
(Schmidt’s suggestion) and the further orientation of these molecules in the 
rod so that the direction in the molecule associated with the cis absorption 
tends to lie parallel to the rod axis. If this were so it might be expected that 
in the near ultra-violet (e.g. A= 0-36) the unbleached rods would absorb most 
_ heavily with the plane of polarization along their axis, while for green light 
(A about 0-5) they would absorb most heavily with the plane of polarization 
across the axis. These experiments, which were undertaken in part to test this 
interesting suggestion, do not support it. Before bleaching, for both green 
(A about 0-5) and for the near ultra-violet (A about 0-36), the absorption 
is greatest with the plane of polarization across the rod axis. 

Immediately after bleaching in strong white light the pattern of these 
absorptions changes. The absolute absorption in the green falls very much and 
the observed difference with plane of polarization becomes therefore slight. 
In the blue (A=0-4) and in the ultra-violet (A = 0-36 1) the absolute absorption 
and the difference in absorption with plane of polarization become much 
greater. In the 30 min following bleaching two processes go on together, first 
the change in absorption with plane of polarization disappears for all wave- 
lengths, and secondly, the absolute absorption in the blue and ultra-violet falls 
greatly. The first process is quicker than the second. 

These observations mean that, upon bleaching, the visual purple in the rods 
gives products absorbing heavily in the blue and ultra-violet which are at first 
still orientated as was the visual purple before bleaching. These products now 
become disorientated and change to further products absorbing very little in 
the visual range of wavelengths above 0-36 y. 


I wish to thank Dr M. H. Pirenne for the loan of filters obtained through the Medical Research 
Council and Professor T. C. Phemister for the loan of a petrological microscope. 
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Pain-producing substance in inflammatory exudates. By D. E. 
ARGENT, Armstrone, J. B. Jepson, C. A. KEELE and 
L. A. Paitirrs. Middlesex Hospital Medical School, London, W. 1 


Fluid from cutaneous blisters causes pain when applied to the exposed base of 
a cantharidin blister (Armstrong, Dry, Keele & Markham, 1953 a). Blister 
fluid also causes contraction of the rat’s uterus (Armstrong, Hobbiger, 
Jepson & Keele, 19535); the uterine-stimuia.ing agent appears to be the same 
as that which produces pain. Activity is not detectable immediately after 
aspiration of the fluid into a glass syringe but develops within 2-5 min, reaches 
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a peak in 10-15 min and then usually falls to low levels in }-1 hr at room 
temperature. The active substance in blister fluid is stable for several hours at 
0°, and for a few weeks at — 20°. 


The following inflammatory exudates contain an active substance indis- 


tinguishable from that which occurs in blister fluid: rheumatoid arthritic — 


joint fluid, pleural effusion, hydrocoele fluid and certain inflammatory ascitic 


fluids. Other ascitic fluids and cerebrospinal fluid do not contain the agent. 


Heparinized or citrated blood also develops a pain-producing and uterine- 
stimulating substance with the same properties as found in the exudates; 
fresh plasma develops high activity. The activity of exudates is probably due 
to their origin from plasma, and we suggest that contact with damaged or 
diseased tissues might liberate the active pain-producing substance (PPS). 
Such liberation might, for example, account for the delayed pain of cutaneous 
burns, though release of 5-hydroxytryptamine (5-HT) from blood platelets 
might well contribute to the production of this pain (Armstrong et al. 1953). 

PPS is ultrafilterable from exudates and plasma. It is not potassium, ACh, 


or histamine (Armstrong et al. 1953a). PPS resembles 5-HT in producing — 


delayed pain and in stimulating the rat uterus, but the following important 
differences have been noted : 

(i) On the rat uterus the action of 5-HT is antagonized by dihydroergot- 
amine, that of PPS is not. 

(ii) PPS is much less stable than 5-HT. When added to exudate 5-HT is 
stable for several hours, while PPS rapidly deteriorates. 

(iti) When acetone (10-20 vol.) is added to active exudate PPS comes down 
with the precipitated proteins, whereas 5-HT is extracted by acetone. 


REFERENCES 
Armstrong, D., Dry, R. M. L., Keele, C. A. & Markham, J. W. (1953a). J. Physiol. 120, 326. 
Armstrong, D., Hobbiger, F., Jepson, J. B. & Keele, C. A. (19536). Abstr. XIXth int. physiol. 
Congr. p. 173. 


Respiration, glycolysis and sodium transport in chicken erythro- 
cytes. By Eve.yn M. CLarkson and M. Maizets. Department of Clinical 
Pathology, University College Hospital, London, W.C. 1 

In the human erythrocyte active cation transport is based on glycolysis and 

not on respiration; in the chicken erythrocyte transport is inhibited by cyanide 

and not by monoiodoacetate in the presence of lactate. Transport here seems 
to depend on respiration and little, if at all, on glycolysis, either because in the 
cell poisoned with cyanide glycolysis, though active, is still absolutely in- 
adequate or else because it is not freely available for transport. Lactate pro- 


duction at 37-5° C by cells of cyanide-poisoned chicken blood amounted to 
b2 
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5-5 ma/l. cells hr, and three consecutive removals of the upper layers of the 
packed cells, each preceded by resuspension, lowered the figure successively to 
1-4, 1-2 and 1-25 mm, the fall presumably being due to removal of leucocytes. 
Similar treatment of human cells lowered lactate production from 5:4 to 
3-6 mm (cf. Bernstein, 1953). Thus chicken erythrocytes glycolyse much less 
than human cells. However, by incubating human cells at temperatures less 
than 37° C glycolysis may be reduced, but sodium transport measured by *Na 
is still active. Clearly, in the presence of cyanide, an amount of glycolysis 
which energizes transport in human erythrocytes is ineffectual in chicken cells 
(Table 1). In the course of this work the following energies of activation were 


Taste l. Na transfer in chicken and human erythrocytes in a medium containing 1 part of 
plasma and 6 parts of diluent. External concentrations: Na 150, K 10 and glucose 11 mm/1. 
Transfer at 2—4 hr. 


Lactate 
Transfer constants (hr-*) produced 
A mM 


NaCN cell 
Temp. ° C pH cells Outward Inward cells hr-* 
Chicken 0 37°5 7-50 0-38 0-025 0-14 
Chicken 5 37-5 7-52 0-02 0-018 1-25 
Human 5 29 7-31 0-20 0-019 1-28 
Human 5 20-5 7-35 0-07 0-009 0-51 


found for human erythrocytes: Na efflux 22,000; Na influx 15,500; lactate 
production 19,000 cal. E. J. Harris (unpublished) gives similar figures for the 
activation energy of the sodium fluxes. 


REFERENCE 
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The effect.of insulin on the penetration of galactose into the 
perfused rat heart. By R. B. Fisner and D. B. Linpsay. Department 
of Biochemistry, University of Oxford 

The perfused rat-heart preparation described by Bleehen & Fisher (1952) has 

been used to study the effect of insulin on the penetration of galactose and 

glucose into the heart. . 

The findings are: 

(1) Galactose penetrates into more of the heart water than either sorbitol 
or inulin. 

(2) The extent of this penetration is much reduced by raising the ratio of 
glucose to galactose in the perfusion fluid, but it is increased by insulin, used 
in the range of concentrations (0-02—2-0 mU/ml.) found by Bleehen & Fisher 
(1952) to increase the rate of glucose utilization. 

The results are shown in Table 1. 
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(3) There is no detectable utilization of galactose by the perfused heart, in 
the presence or absence of insulin. 

(4) Nevertheless, the presence of galactose diminishes the rate of utilization 
of glucose to a small extent. 

TaB.e 1, The effect of variations in galactose, glucose and insulin concentrations on the 

penetration of galactose into the perfused rat heart (30 min perfusion at 38° C) 
Galactose space (ml./100 g wet weight) 


100 ml.) ... 300 1000 1000 300 
Glucose Gheonns hel 00 ml.) Nil Nil 150 600 
No insulin 78-7 (3) 67:240-4(8) 60840-9(13)  51-541-5(7 
0-02 mU/ml. 68-5 +.0-4 (5) 19 
0-2 mU/ml. 71-3413 (4) 63-9407 (4) = 
2-0 mU/ml. 748406 (6) 68440-9(8) 61-841-6 (6) 
20 mU/ml. 68-7 + 1-0 (11) 


These findings are in accord with the findings of Levine, Goldstein, 
Huddleston & Klein (1950), but they demonstrate a closer relation between the 
effects of insulin on glucose and galactose than is possible in the whole animal. 
They suggest that the two sugars cross the heart-muscle cell membrane by a 
common specific carrier process of the sort suggested by Lefevre (1948) and 
by Widdas (1952), and that insulin stimulates this carrier action in some way. 

If this were true insulin should increase the intracellular glucose concentra- 
tion. It has been shown by simultaneous estimation of glucose and sorbitol 
spaces that the glucose concentration in the fraction of the heart water not 
penetrated by sorbitol is 10-19% of that in the medium in the absence of 
insulin, and rises to 58-60%, of that in the medium when this contains 2 mU/ 
ml. of insulin. The sorbitol space (35-38 ml./100 g wet weight) is somewhat 
greater than the inulin space. It probably includes much of the water of the 
connective tissue in addition to that of the interstitial fluid. 
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The absorption of water and of some non-electrolytes from the 
surviving small intestine of the rat. By R. B. Fisher. Department 
of Biochemistry, University of Oxford 


The small intestine preparation of Fisher & Parsons (1949) absorbs water 
readily (20 ml./hr for the whole tract below the duodenal-jejunal junction) 
when 0-5 % glucose is present in the ‘inner’ fluid, but absorbs little water when 
glucose is absent. Change of distension pressure from 20 to 45 cm H,0 is with- 
out significant effect on water absorption. 
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That the effect of glucose on water absorption is probably due to improve- 
ment in mucosal nutrition, and not to osmotic forces set up by active transfer 
of glucose, is suggested by the following evidence: 

(1) When glucose is being passed from medium containing 0-5% glucose to 
an initially similar ‘outer’ fluid there is negligible change in freezing-point 
depression of either fluid. This agrees with Wilson’s (1953) studies of Na’, 
K*, Cl’, HCO;, glucose and lactate movements in this preparation. 

(2) When an adverse osmotic pressure difference of 500 cm H,0 is set up by 
using glucose-free outer fluid, water is still absorbed at the same rate. 

(3) If 0-1% glucose is used in the inner fluid and 0-5% in the outer fluid, 
the rate of water absorption is the same as with 0-5 °%, glucose in the inner fluid 
unless the rate of glucose absorption is greatly reduced. 

The water movements have been measured by adding known amounts of 
non-electrolytes in known volumes to the circulating inner fluid and estimating 
the volume from the dilution of the solute. After an hour, concentration and 
content of solute in the circulating fluid are determined again. These data also 
yield estimates of absorption rates of the solutes used. Urea, creatine and 
sorbitol are absorbed only when water is absorbed. The concentration of the 
solution absorbed is, in each instance, in a characteristic ratio to the concentra- 
tion in the lumen. The ratios are 0-89 for urea, 0°66 for creatine and 0-37 for 
sorbitol. These substances appear to be absorbed only by entrainment in a 
stream of actively absorbed water. 

The main conclusions are: (1) that distension is without direct effect on 
water absorption: any effect it appears to have is probably due to unfolding of 
mucosal folds; and (2) that substances may be passively absorbed in an active 
water stream, so that care has to be taken in establishing criteria of ‘active’ 
absorption. 


REFERENCES 


Fisher, R. B. & Parsons, D. 8. (1949). J. Physiol. 110, 36. 
Wilson, T. H. (1953). Biochim. biophys. acta, 11, 448 


The effect of change in length on conduction velocity in frog muscle. 

By A. R. Martin. Department of Biophysics, University College, London 
The conduction velocity was measured in the curarized frog sartorius at lengths 
varying from 67 to 120% of the resting length and found to remain nearly 
constant over the whole range. 

If the muscle-fibre membrane were in the form of a simple cylindrical tube 
an increase in fibre length would result in an increase in area and a decrease in 
thickness of the membrane. The resulting resistance and capacitance changes, 
together with the decrease in fibre diameter, would be expected to cause about 
a 50%, decrease in conduction velocity between the minimum and maximum 
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lengths. Alternatively, the membrane might be folded (cf. Katz, 1949) so that 
its area and thickness remain unaffected by changes in length. In this case it 
can be shown that the effects of resistance, capacitance and diameter changes 
would cancel one another and the conduction velocity remain constant. The 
experimental results may therefore be explained on the basis of this ‘folded 


membrane’ model. 
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The innervation of the area postrema. By C. D. CLemente.* Depart- 
ment of Anatomy, University College, London 

The area postrema is a highly vascular region situated in the floor of the fourth 
ventricle at the obex in the medulla oblongata. Its parenchymal cells resemble 
ependymal elements whose processes attach to the walls of blood vessels. This 
region differs from most other areas in the brain, since it becomes vitally 
stained after systemic administration of vital dyes and seems to be freely 
accessible to substances circulating in the blood stream. It has been said 
(King, 1937) that the area postrema is lacking in nerve fibres, although this 
work was questioned by Cammermeyer (1947). 

Silver impregnation staining methods on rats, guinea-pigs, rabbits and cats 
reveal a rich innervation of fine fibres in the area postrema. They appear to 
enter most abundantly from the infero-lateral aspect of the organ and course 
freely amongst the parenchymal cells. A number of fibres seem intimately in 
contact with the blood vessels and some terminate directly on blood-vessel 
walls. The stained fibres were not glial processes or impregnated reticulum. 
The exact origin of the fibres has not been determined with certainty. They do 
not arise from cells within the area postrema, but some may have connexions 
with the subjacent vagal nuclei. 

These anatomical observations suggest that possibly a receptor mechanism 
associated with the vascular system may be located in the area postrema. 

* Bank of America—Giannini Foundation Fellow, University of California, Los Angeles. 
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The organization of the visual cortex in the cat. By D. A. SHoLL. 
Department of Anatomy, University College, London 

The counting and measurement of cells and processes in Nissl, Golgi and silver 

preparations of the cerebral cortex enables one to determine some significant 

parameters of its organization and reveals the principles underlying cortical 

activity without reference to any individual circuits. 
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Three groups of fibres carry impulses to the visual cortex. (1) Fibres taking 
origin in the lateral geniculate body end in the region of Gennari’s line; each 
afferent fibre may have more than a dozen intracortical branches, the mean 
distance between the tips of the extreme branches being rather more than 
0-5 mm. From measurements of the cell density it follows that a volume of 
0-1 mm? containing 5000 neurones may be influenced by impulses arising from 
a single thalamic fibre. (2) A second group of afferent fibres ends mainly in the 
zone above that occupied by the first group; they are said to be long association 
and commisural fibres. (3) The last group consists of the very fine tangentially 
running fibres of the outermost zone. Some of these originate in deeper cortical 
cells, others are probably short association fibres. It must be emphasized that 
the terminations of these several groups of afferent fibres are not rigorously 
segregated from one another. 

The basal dendrites of cells in the cat visual cortex are distributed about a 
mean radius of about 160 (s.p. 45). A neurone within the Gennari zone may 
embrace up to 4000 neurones within its own dendritic field. 

Cortical neurones may be classified by reference to the joint distribution of 
their dendrites and axons. | 

(1) The majority of cortical neurones have axons leaving the grey matter and 
apical dendrites ramifying in the outermost zone of the cortex. 

(2) Neurones with their axonal ramifications locally distributed within their 
own dendritic field are mainly found among the terminations of the afferent 
fibres arising from the thalamus. 

(3) Neurones whose axons have recurrent collaterals are especially prominent 
in the lower part of the cortex. 

(4) A number of deep-lying pyramidal cells have the terminal ramifications 
of their apical dendrites in the zone of distribution of the fibres from the 
thalamus. 

From the proportions of these types it is clear that activation of any level 
in the cortex will lead to activity at all levels. The occurrence of many similar 
overlapping channels suggests that the system operates with a high degree of 
redundancy. This corresponds with many experimental facts, for example, that 
local cortical disorganization need not produce disturbances of behaviour. 

Impulses leaving the cortex from all levels result from continuous processes 
that can be regarded as computing functions related to the rapid changes of the 
neuronal groups. The nature of this operation, an averaging over a complicated 
time series, is the fundamental problem of cortical activity. 
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Secretory potentials in the sublingual and submaxillary glands of 


the cat. By A. LunpBerc. The Institute of Physiology, University of 
Iund 


Bayliss & Bradford (1886) found that during secretion in a submaxillary gland 
a potential could be led off between one electrode at the hilus and another 
electrode on the surface of the gland. They associated secretion of salt and — 
water with hilus positivity and secretion of mucous saliva with hilus negativity. 
Langenski6ld (1941) presented further evidence pointing in the same direction. 

In confirmation of the conclusion of these authors it has been found that in 
the sublingual gland, which gives a very viscid saliva, initial hilus negativity 
results from repetitive chorda stimulation. In the submaxillary gland, with a 
more watery secretion, repetitive chorda stimulation gives initial hilus positivity. 
On entering the sublingual or submaxillary gland with a capillary glass electrode 
(tip diameter 0-5 1) the microelectrode suddenly becomes 20-40 mV negative, 
indicating that the tip has entered a cell, presumably a gland cell. After that 
repetitive chorda stimulation gives increased negativity (maximal increase 
40 mV) of the microelectrode. In the sublingual gland as well as in most of the 
recordings from the submaxillary gland this increased negativity appears after 
a latency and at a rate closely corresponding to what is found for the electro- 
gram led off with external electrodes in the respective glands. 

It is assumed that the different direction of the external current flow in the 
two glands is not due to differences in orientation of the cells and that the 
external current flow is not due to a potential gradient in the interior of the 
gland cells. Since, with activity, increased internal negativity appears in both 
types of cells cations must leave or anions enter the cells. Considering the 
direction of the external current flow and the fact that there is a transport 
through the cell it is concluded that (i) in the cells responsible for a watery 
saliva secretion is initiated by a transport of cations from the cell interior 
to the lumen of the acinus; (ii) in the cells responsible for a viscid saliva 
secretion is initiated by a transport of anions over the ‘outer’ membrane 
towards the interior of the gland cell. In connexion with the latter conclusion 
it is noteworthy that Koefoed-Johnsen, Ussing & Zerahn (1952), in frog skin 
stimulated by adrenaline, found an outward active transport of chloride ions 
and concluded that this transport was performed by the mucous glands. 
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The effect of temperature on the release of acetylcholine from 
sympathetic ganglia. By G. L. Brown. Department of Physiology, 
University College, London 

The ascending mesenteric nerve in the rabbit contains small, slowly conducting 
preganglionic fibres supplying cells in the inferior mesenteric ganglion (Brown 
& Pascoe, 1952). The origin of these fibres is obscure, but they probably arise 
from cells in the intestinal wall (McLennan & Pascoe, 1954). Attempts were 
made to find if these fibres, like the inferior splanchnic nerves, were cholinergic, 
by perfusing the isolated ganglion at room temperature with eserinized Locke’s 
solution. The venous effluent contained acetylcholine, but the amounts were 
small, and there was no clear distinction between stimulation and control 
samples. Similarly unsatisfactory results were obtained when the inferior 
splanchnic nerves were stimulated. 

Experiments were therefore made on the inferior mesenteric ganglion of the 
cat which is known to produce acetylcholine when the inferior splanchnic 
nerves are stimulated (Barsoum, Gaddum & Khayyal, 1934); the output of 
acetylcholine was small and irregular. This was surprising in that the ratio of 
ganglionic tissue to other tissues perfused is much higher in this preparation 
than in the usual superior cervical ganglion preparation. 

Perfusion of the isolated superior cervical ganglion of the cat at different 
temperatures gave results which explained the earlier failures, Maximal pre- 
ganglionic stimulation at 10/sec caused at 20° an output of acetylcholine of 
10-15 myg in 10 min samples; at 39° the output was 100-120 myg. This tenfold 
reduction of acetylcholine output does not apparently affect ganglionic trans- 
mission, since the response of the nictitating membrane to preganglionic 
stimulation is as great with a cold ganglion as with a ganglion at 37°, although 
the responsiveness of the cells of a cold ganglion to injected acetylcholine is 
also greatly reduced. These experiments suggest, like those of Brown & Feldberg 
(1936), that the liberation of acetylcholine as a ganglionic transmitter has a 


high safety factor. 
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The effect of ascorbic acid transfer on the lactic acid concentration 
of the aqueous humour after unilateral carotid ligation. By M. E. 
LancuaM and J. W. Riper. Ophthalmological Research Unit, Medical 
Research Council, Institute of Ophthalmology, Judd St, London, W.C. 1 

Linnér (1952) reports a relative decrease in the concentration of ascorbic acid 

im the aqueous humour of the eye of the same side after unilateral carotid 

occlusion which he relates with a relative decrease in the rate of plasma flow 
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through the anterior uvea. In view of the possibility that changes in the rate 
of flow of aqueous might also accompany unilateral carotid occlusion (Baérany, 
1947; Davson & Matchett, 1953), it was considered of interest to examine, under 
the same experimental conditions, a substance whose concentration in the 
aqueous humour depends on the balance between its rate of production by the 
tissues of the eye and its rate of loss by diffusion and drainage, namely, lactic acid. 

In normal adult rabbits the concentration of lactic acid in the aqueous 
humour of the two eyes was found to be the same. The ratio was 1-00 + 0-009 
(41). Twenty to twenty-four hours after unilateral ligation of the common 
carotid artery the ratio of the concentrations of lactic acid in the aqueous 
humour of the ligated and non-ligated sides was found to be 1-16 + 0-019 (36). 
In the presence of a maximal rate of transfer of ascorbic acid across the blood- 
aqueous barrier this ratio was found to drop to a value of 1-03 + 0-01 (33) under 
conditions of steady state. 

The change in the steady-state distribution of lactic acid under these experi- 
mental conditions indicates modifications in intra-ocular dynamics, which are 
affected by the rate of transfer of ascorbic acid across the blood-aqueous barrier. 
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The release of histamine from cat’s isolated perfused skin by 
amino-acids. By and W. D. M. Paton. Depart- 
ment of Pharmacology, University College and University College Hospital 
Medical School, London, W.C. 1 


Fractionation of peptone by paper chromatography and paper electrophoresis 
failed to yield evidence for any highly active histamine-liberating principles 
in it, so that it seemed possible that the ability to release histamine may be in 
fact distributed over many of the constituents of peptone, although not to a 
high degree in any of them. We have therefore tested whether the simplest 


substances present in peptone, i.e. amino-acids themselves, possess such | 


activity. The cat’s isolated perfused skin (Feldberg & Paton, 1951) was used 
as a test object for histamine release, since it is among the most sensitive of such 
test objects and allows the direct demonstration and assay of any histamine 
released. The assay was carried out on the guinea-pig ileum. 

Table 1 shows the histamine released by the amino-acids tested, together 
with their isoelectric points (pl,,). The dose of amino-acid, injected intra- 
arterially, was 0-137 mm (e.g. 20 mg lysine). 

* In receipt of a personal grant from the Medical Research Council. 
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Anserine and carnosine were also tested, and have been included in the table. 

The table shows that it is only the most basic amino-acids, arginine and 
lysine (and possibly ornithine), that are active in releasing the Histamine of 
cat’s skin. Deviations of isoelectric point equally far from neutrality but in the 
opposite direction (glutamic and aspartic acids) did not confer activity; nor 
did activity bear any relation to molecular weight. 


Tasie 1. Histamine release by amino-acids from cat skin and their isoelectric points (pI) 


Amino-acid released 
L-Arginine 10-76 22, 2-1, 2-1 
L-Lysine 9-74 3-1, 0-9 
pL-Ornithine 9-70 1-3, 1-3, nil 
i 8-27 0-2, nil 
Carnosine 8-17 1-9, nil 
DL-Histidine 7-59 nil, nil, nil 
B-Alanine 6-90 nil, nil 
L-Proline 6-30 nil 
L-Alanine 611 nil 
Glycine 6-06 nil 
L-Leucine 6-04 nil 
DL-Serine 5-68 nil 
DL- i 5-02 nil 
L-Glutamic acid 3-08 nil, nil 
DL-Aspartic 2-98 nil 


These results suggest that the histamine-releasing power of peptone may be 
at least in part due to the basic amino-acids contained in it. Although arginine 
and lysine possess only 1/1000—1/10,000 of the activity of compound 48/80, 
so that 10-100 mg/kg would be required to produce a depressor effect in the 
whole animal, this order of activity is the same as that of many peptones. This 
activity is so low, however, that it is doubtful whether these amino-acids play 
any part in anaphylactic reactions, unless some process operates by which they 
can be produced in high local concentration in particular cells. Our results also 
support one of the two hypotheses proposed for the action of histamine 
liberators by MacIntosh & Paton (1949): that, through being bases of sufficient 
strength, they displace histamine from its attachment to an acidic residue in 
the tissues by some kind of cation exchange. 
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Chromatolysis and the model of the neurone. By B. Campse.t.* 
Department of Anatomy, University College, London 
The changes in the motor neurones caused by severance of their axons are 
associated with the alteration in the excitability of the cells. This is manifest 
in the simple segmental reflex as the absence of the proprioceptive spike and 
: * Associate Professor of Anatomy, University of Minnesota. 
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the considerable alteration of the slower cutaneous component. It has been 
shown, however, that the apparent augmentation of the cutaneous reflex is 
an artifact of the simplified reflex preparation and that there is no selective 
effect upon the specific pathways (Campbell, Mark & Gasteiger, 1949). 

Investigation of a reflex pathway that shows no proprioceptive component 
has revealed during the chromatolytic cycle a decreased excitability of the 
motor neurones. After axotomy, the reflex return on the peroneal nerve of 
the cat in response to stimulation of the tibial nerve of the same limb was 
found to be delayed, reduced in size, simplified in form and, at the height 
of chromatolysis, absent. 

The importance of these findings in consideration of the possible models of 
neurone function is that the effects on transmission time are graded rather than 
stepwise. In the instance of the cutaneous reflex these facts challenge the view 
that indirect pathways are responsible for the repetitive pattern. That trans- 
mission (of signal) should show this type of effect as a correlate of histological 
alteration visible ‘post-synaptically’ suggests a neurone model in which the 
total afferent signal is integrated through the participation of the metabolic 
activity of the whole cell. This accords with the earlier findings (Campbell, 
1945) of a relation between change of the ventral horn potential and the output 


of ventral horn cells. 
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Tissue mast cells in the hamster. By G. P: Futton, F. L. Maynarp 
and G. B. West.* Departments of Biology, Boston College and Boston 
Unwwersity, Mass., U.S.A. 


The cheek pouch of the Syrian hamster is now being extensively used for the 
study of the small blood vessels without major operative procedure (Fulton, 
Jackson & Lutz, 1947). Since tissue mast cells are generally associated with 
such vessels, groups of six hamsters were given treatments known to produce 
changes in these cells. They were then sacrificed, tissues being removed for 
histological examination and biological estimation of their histamine contents 
(using the blood pressure response in an atropinized cat). 

Treatment 1. Lethal doses of p-tubocurarine (25 mg/kg intravenously or 
intraperitoneally) failed to produce significant changes in the mast cell 
population or in the histamine content of the cheek pouch, but marked 
alterations were noted in the cells of the mesentery. Pretreatment with 
mepyramine maleate (5 mg/kg intraperitoneally) protected a large number of 


* Senior Lecturer in Pharmacology, Department of Pharmacology and Therapeutics, St 
Andrews University Medical School, Dundee. 
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mesenteric mast cells from disruption by the histamine liberator and resulted 
in a much smaller loss of tissue histamine. Riley (1953) has already reported 
a similar protection of tissue mast cells in the rat. 

Treatment 2. Total body X-irradiation (900 r) produced striking changes in 
the morphology of the tissue mast cells of the mesentery of animals killed 
8 days post-irradiation (Smith & Lewis, 1953), but there were few changes in 
the cells of the cheek pouch. Pretreatment with mepyramine maleate (5 mg/kg 
intraperitoneally) resulted in some protection of the mast cells, but protection 
was almost complete when daily doses of the antihistamine were given after 
irradiation; the histamine values of both these cases exceeded that of the 
irradiated controls. 

Another group of hamsters was irradiated in a similar manner and then left 
for 30 days before being sacrificed. The histamine contents of both mesentery 
and cheek pouch were significantly reduced, but the numbers of mast cells 
approached the normal values. : 

Treatment 3. Daily doses of cortisone (50 mg/kg subcutaneously) for 12 days 
resulted in a striking reduction in the number of mesenteric mast cells and of 
mast cells of the cheek ponch. Histamine values were correspondingly greatly 
reduced. 

These observations add support to the hypothesis of Riley & West (1953 
that tissue mast cells are rich in histamine. 7 
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Arterial blood flow calculated from pressure gradients. By E.P. W. 
Hewps and D. A. McDonaup. Department of Physiology, St Bartholomew’ s 
Hospital Medical College, London 

The pressure-gradient in the femoral artery of the dog has been measured by 

recording the pulse pressure wave simultaneously at two points along the 

artery with two capacitance manometers and the traces displayed on a double- 
beam oscilloscope. The distance between recording points varied between 

3-2 and 6-7 cm. The superimposed waves were therefore almost identical in 

form, but that from the distal recording point was displaced by the time taken 

by transmission of the pulse wave. The pressure at the proximal end of the 
artery is thus higher than at the distal end as the pulse wave arrives, and falls 
below it as the wave passes down the artery. The oscillations during diastole 
depend on the form of the pulse wave. The limiting form of this curve as the 


« : 
‘ 
> 
‘ 
> 
; 
‘ 
4, 
= 


SOCIETY, 26-21 MARCH 1954 | 81P 


two recording-points become progressively closer is the differential coefficient 
of the pulse wave against time. In later experiments this was recorded by 
passing the output of a manometer through a differentiating circuit. 

Blood flow was calculated from the pressure gradient using the formula 
derived by Womersley (1954). The magnitude of the gradient was about 3 mm 
Hg/cm of artery at the positive peak which occurred between 30 and 40 msec 
after the beginning of the cycle. The negative peak was from 2-5 to 3-8 mm 
Hg/cm and occurred from 115 to 125 msec from the beginning of a 360 msec 
cycle. The phasic flows calculated from this oscillating gradient were very 
similar to those measured by high-speed cinematography (Helps & McDonald, 
1953). The time relations of the phases of forward and back flow were predicted 
with considerable accuracy. The rate of forward flow calculated was within 
10% of the observed value, but the back flow derived from the pressure 
gradient was larger (up to 100%) than that observed, although when derived 
from the time differential the calculated back flow was close to the observed 
back flow. Flow rates measured by high-speed cinematography were in closer 
agreement with the calculated flow than were flow rates reported by other 
workers using orifice meters or electromagnetic flowmeters. Changes of flow 
pattern due to vasodilatation (reactive hyperaemia) or to vasoconstriction 
(caused by haemorrhage or adrenaline) have also been predicted from changes 
in the pressure gradient in the artery. 
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Flow in the larger arteries and its relation to the oscillating 
pressure. By J. R. Womersiey. British Tabulating Machine Co. Lid. 
Letchworth, Herts. 


Poiseuille’s formula for the flow of a viscous liquid in a tube under a steady 
pressure gradient is well known. The author has derived the corresponding 
solution for a pressure gradient of the form 


M cos (nt+¢). (1) 
If Q is the quantity of liquid passing a given cross-section in unit time, then 
if R is the radius of the tube, »z the viscosity of the liquid and p its density, we 


write 
a=R 2 
i 


It can be shown that 
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where M’ and ¢ both depend only upon «, and M and ¢ are the modulus and . 
argument derived from the pressure function. 

If « is very small (say less than 0-1), M’/a® is the same as the constant in 
Poiseuille’s formula (i.e. 4) and « is very nearly 90°, so that the pressure and 
flow are in phase. As increases, both M’/a® and decrease. When «= 10, 
M’|/a? is about one-fifteenth of the value for Poiseuille flow, and « is less than 
10°, so that the pressure and flow are very nearly 90° out of phase. 

Solutions of this form are additive, so that if we have a pressure gradient, 
periodic in time, which can be represented as a sum of a number of terms like 
(1) above, the corresponding flow will be the sum of a number of terms of the 
form given in (3), provided the correct value of « is used for each term. 

This analysis has been applied to pressure-gradient measurements in the dog 
femoral artery made by Helps & McDonald (1954). From the graph of the 
pressure gradient the corresponding Fourier series was computed, as far as 
the sixth harmonic, and the corresponding flow terms calculated. When com- 
pared with the observed flow measurements the phase relationships were 
approximately correct, but the calculated backward flow has not alwa 
agreed with that actually observed. e 

When it is considered that this simple theory takes no account of the ex- 
pansion of the arteries, nor of the finite velocity of the travelling pulse wave 
which generates the pressure gradient, agreement with experiment is sur- 
prisingly close. Further mathematical studies are in progress, in which these 
factors are taken into account. 
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The collagen content of the mammary gland of the rat during 
pregnancy and lactation. By Margaret L. R. Harxnzss and R. D. 
Harkness. Department of Physiology, University College, London 

In previous investigations of the growth of collagen in proliferating tissues, the 

pregnant uterus (Harkness & Harkness, 1953), was found to show very rapid 

formation of collagen and equally rapid disappearance of collagen during 
involution. Such changes might be characteristic of tissues which undergo 
large changes in size and structure in the normal course of the animal’s life; 
we have therefore investigated collagen formation in the mammary gland of 
the rat. Collagen was estimated by a modification of the method of Neuman & 

Logan (1950). Desoxyribonucleic acid (using the diphenylamine reaction 

according to Schneider, 1945), non-collagenous protein nitrogen, and lipid were 

also estimated for comparison. The total collagen content of the gland showed 
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no significant change during pregnancy and lactation, and a slight rise during 
involution. It appears that the mammary gland relies for its support almost 
entirely on the connective tissue already present in the subcutaneous tissue. 
Changes in desoxyribonucleic acid and total protein were generally similar to 
those reported by Kirkham & Turner (1953), though less in the early stages of 
pregnancy. Changes in the lipid content of the gland indicated a local absorp- 
tion of adipose tissue during lactation. 
We should like to thank the Nuffield Foundation for a grant in support of this work. 
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Non-competitive drug antagonism. By H. O. Scuiip. Department of 
Pharmacology, University College, London 


A mass law equation for non-competitive drug antagonism can be derived if 
it is assumed that the active drug and the antagonist combine reversibly with 
different sites and that a receptor blocked by antagonist cannot be activated. 
At equilibrium 


y 
(1) 


z 
(2) 


where A and B are concentrations of active and antagonistic drug, y is the 
proportion of activated receptors, and z that of blocked receptors. Combining 
(1) and (2) 
K,A 1 
3 
Y=KA+1 K,Bt1 (9) 


If degree of contraction is assumed proportional to number of active receptor 
combinations, then 100y = percentage contraction. Eqn. (3) is analogous to the 
standard equation describing the effect of a non-competitive inhibitor on the 
rate of an enzyme reaction. The graphical solution of this equation derived by 
Lineweaver & Burk (1934) has already been applied to drug antagonism 
(Chen & Russell, 1950). 

In competitive antagonism, concentration-action curves plotted on a 
logarithmic dose scale are parallel; in this type of non-competitive antagonism 
they are not parallel but their slopes and maxima decline with increasing con- 
centrations of the antagonist. This distinction applies even in the absence of 
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proportionality between number of active receptor combinations and con- 
traction (as long as equal effects involve equal numbers of active receptor 
combinations). It is also valid when the equilibrium expressions contain 
powers of the drug concentrations. 

Cinchonidine antagonizing acetylcholine on the guinea-pig ileum was found 
to produce curves of the non-competitive type. 
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Sensitization of guinea-pigs by aerosol. By H. HeRxHEIMER. Surgical 
Unit, University College Hospital Medical School, London 


Sensitization of animals by injection has become a routine method, but does 
not occur in nature. Animals thus sensitized are usually shocked by injection, 
but this has also been achieved by inhalation of an antigen aerosol. Sensitiza- 
tion by aerosol has been reported in a few cases and has usually been by accident. 
It has been tried systematically by Ratner (1939), who exposed guinea-pigs to 
finely powdered horse dander and achieved sensitization in many cases. The 
sensitization was, however, not very strong. Inhalation of the powder never 
caused fatal shock, and when shock was produced by injection, the result was 
fatal only in some cases; many others showed no symptoms in spite of long 
periods of previous exposure to the sensitizing agent. 

In our experiments a highly concentrated extract of horse hair and dander 
was used. Six groups of six guinea-pigs each were exposed for a total of 18 hr. 
The first group was exposed for 9 hr daily on 2 consecutive days, the second for 
6 hr daily on 3 consecutive days, the third and fourth groups for 2 hr daily 
on 9 consecutive or alternate days, and the fifth and sixth groups nine times 
for 2 hr every 3-4 or every 5-6 days. The animals were shocked with the same 
aerosol 21 days after the last. day of sensitization, and the preconvulsion time 
(Herxheimer, 1952) determined. The results show that sensitization did not 
occur, if the total of the 18 hr sensitization was concentrated within 2 or 3 days. 
Strong sensitization with very short preconvulsion times occurred in the animals 
whose sensitization period had been 2 hr daily or every other day. The sensitiza- 
tion of the animals exposed every 3-6 days was less pronounced, and the more 
so, the longer the sensitization period was spread out. 
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The discontinuity in the pressure volume curve of the rabbit *s lung. 


By L. Bernstein. Department of Physiology, London Hospital Medical 
College, London, E. 1 


Evidence has recently been presented (Bernstein, 1954) that the pressure- 
volume curve of the rabbit’s lung in vivo is neither a straight line, S-shaped, 
nor @ monotonic curve, but that it appears to consist of intersecting portions 
of two curves, one of which may be an approximation to a straight line. It 
was also shown that following a primary inflation to a volume of about 65 cc 
in a 2 kg rabbit, a second inflation performed immediately afterwards gave 
a curve of lower slope, indicating a reduction in the modulus of elasticity. 

Possible explanations of these findings are that, at inflation volumes greater 
than that corresponding to the intersection of the two curves, either some 
plastic deformation of lung tissue occurs, or additional ventilated space is 
opened up to inflation. The former hypothesis demands that on subsequent 
deflation of the lung the intrapulmonary pressure should return to atmospheric 
pressure before all the inflating air has been removed, and should become sub- 
atmospheric when complete removal has been accomplished. The latter 
hypothesis demands that the deflation curve shall pass through the origin. 

Experiments on the anaesthetized and curarized rabbit have shown that the 
intrapulmonary pressure returns very nearly to atmospheric pressure when all 
the inflating air is removed, and thus support the suggestion that the dis- 
continuous form of the pressure-volume curve is due to the recruitment of 
additional ventilated space at the higher inflation volumes. 
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The degree of inactivation of vasopressin by the kidney and the 
liver of rats. By 8. E. Dicker and A. L. Greenpaum. Departments 
of Pharmacology and of Biochemistry, University College, London 

Tissue slices (mean wet weight 55 mg) were incubated for periods up to 6 hr 

at 37° in 2 ml. of oxygenated Krebs Ringer-phosphate buffer pH 7-4 (Mg** and 

Ca?* omitted), containing 2-0 mU of vasopressin (Pitressin, Parke Davis and 

Co.). The antidiuretic activity of the supernatant fluid was assayed at hourly 

intervals by intravenous injection into rats in ethanol anaesthesia (Dicker, 

1953). The oxygen consumption of such slices was substantially linear over 

5 hr. In the presence of both liver and kidney slices the antidiuretic activity 

of the supernatant fluid decreased over the first 3 hr, after which it remained 

constant at a value of approximately 20%, of the initial activity for kidney 


and 10% for the liver. (Similar inactivation was observed when homogenates 
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were used.) That this constancy was not due to a loss of activity on the part 
of the slices was demonstrated in two ways: (a) the addition of fresh slices to 
the previously inactivated vasopressin resulted in no further change, and 
(b) slices which had reduced the level of vasopressin activity, in one solution to 
a constant level could, if transferred after 3 or 4 hr, do the same to another fresh 
solution of vasopressin. The mode of inactivation by liver seems to differ from 
that by the kidney. The addition of fresh kidney slices to a solution of vaso- 
pressin previously inactivated by liver, or the addition of fresh liver slices to a 
solution of vasopressin previously inactivated by kidney, both resulted in a 
further decrease to a level of about 5° of the original activity. Liver slices 
on incubation liberate a substance which also exhibits antidiuretic activity, 
and all values are corrected for the presence of this endogenous substance. 

The antidiuretic titre of urine collected from a rat under ethanol anaesthesia 
after perfusion of 100 mU/100 g body weight remained unchanged after in- 
cubation with kidney slices. The tissue slices were, however, able to reduce the 
antidiuretic activity of fresh vasopressin when this was added to the urine. It 
would seem that in both in vivo and in vitro experiments, the kidneys and liver 
of rats transform vasopressin to substances of lower antidiuretic activity, and 
that the antidiuretic activity of the urine of rats injected with vasopressin is 
not due to an excretion of vasopressin itself. 
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The effect of spaying in the pregnant rat. By D. Paving ALEXANDER 
and J. F. D. Frazer.* Department of Physiology, St Mary’s Hospital 
Medical School 

It is usually stated that removal of the ovaries in the pregnant rat causes loss 

of the litter (Marshall & Jolly, 1905). Haterius (1936) performed two-stage 

ovariectomy, removing all the foetuses save one at the same time as the second 
ovary. 25% of the remaining foetuses survived to term. Zeiner (1943) also 
performed two-stage ovariectomy, and found that foetuses could survive up to 

5 days. 

We have found that when rats were spayed at the 17th day of pregnancy 

(full term being 21-22 days), there was no foetal loss for 2 days, but during the 

succeeding 24 hr 50% of the total foetuses were lost; in any one litter all, 

some or no foetuses might live. After the critical period of the third day there 
was no further loss by the 21st day. Both living and dead foetuses were dis- 
torted in such a manner as to appear elongated. The longitudinal fibres of the 
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uterine horns were shown to be relaxed, and an impression was gained that the 
circular fibres of the horns were contracted down. | 

Following this work, further rats were spayed on the 9th day of pregnancy. 
In one short series, which was given no other treatment, there was no evidence 
of foetal survival for more than 1 day. If 5 mg of progesterone was given to the 
mothers daily, the majority of foetuses survived up to the 12th day; only some 
lived beyond this date. With 10 mg of progesterone most of the foetuses were 
found to be alive as late as the 18th day. Thus, in the absence of the ovaries, it 
was possible to cause foetal survival by an adequate dosage of progesterone 
without any oestrogen. 
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The action of 2:4-dinitrophenol (DNP) on mammalian striated 
muscle. By J. M. Barnes and Janet I. Durr. Medical Research 
Council, Toxicology Research Unit, Carshalton 


The action of DNP on the rat phrenic nerve-diaphragm preparation in Tyrode 
with 0-2% glucose has been examined. Stimuli at 8/min were applied con- 
tinuously except for periods when repetitive stimulation (50 c/s) was given. 

When DNP (5x 10-* or above) is added a contracture starts to develop 
within 1-20 min and reaches a maximum height within 5-30 min, which is 
several times greater than the height of a single contraction. The speed of its 
development is proportional to the concentration of the DNP. With the 
development of the contracture, muscle contractions cease. Within 20-50 min 
of reaching its maximum the contracture begins to diminish, and relaxation 
to the original level is complete within a further 60 min. 

The onset, rate and extent of the relaxation are the same whether the DNP 
is removed at the height of the contracture or is allowed to remain in the bath. 
The return of the contractions depends upon the concentration of DNP that 
has been used. They are always much reduced and may not reappear until the 
DNP has been washed out. A second application of DNP to the relaxed muscle 
causes a similar but reduced contracture. Exposure to heat, 50% alcohol or 
10-*m iodoacetate causes an irreversible contracture of this preparation. Only 
the contracture due to heat exceeds that due to DNP. Asphyxia produces a 
smaller but reversible contracture and contractions do not reappear until O, 
is readmitted. 

An explanation of this temporary but severe contracture produced by DNP 
has not yet been found. 
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Phosphaturia after injection of parathyroid extracts. By R.V. Coxon. 
University Laboratory of Physiology, Oxford 

One of the widely accepted theories of the action of parathyroid hormone has 
been largely based upon the finding of a great increase in the urinary output 
of phosphate during the few hours following an injection of extract of the gland 
(Albright & Reifenstein, 1948). Such an effect has been repeatedly confirmed 
in human subjects suffering from hypoparathyroidism (Milne, 1951; Dent, 
1953), but the more recent reports have been at variance with the older 
descriptions of what happens in normal individuals. One factor which confuses 
the interpretation of such studies is the quite considerable spontaneous 
fluctuation in phosphate output over the period during which the glandular 
extract has to be tested. In the present study the complicating effect of such 
fluctuations has been minimized by reducing the initial urinary level of phos- 
phate to very low figures by the ingestion of aluminium hydroxide which forms 
insoluble aluminium phosphates in the gut (Albright & Reifenstein, 1948). 
Under such conditions the effect of a single injection of 5 U.S8.P. units/kg body 
weight of ‘ parathormone’ was examined in three normal people, two male and 
one female. There was a significant increase in the urinary output of phosphate 
as compared with the control period in all subjects, but it was very slight by 
contrast with that reported by earlier American investigators (Albright & 
Reifenstein, 1948). The greatest increase in rate of phosphate excretion following 
the injection was about 5 mg/hr and the smallest increase observed was only 
1 mg/hr. A later experiment on one of the same subjects, in which the effect 
of 6 units of parathyroid extract/kg body weight was studied on the output of 
phosphate during the 8 hr after the injection, showed only a negligible increase. 
It seems from these results that the effect of parathyroid extract on phos- 
phaturia may well be incidental and separable from its effect on serum calcium, 
as is indicated by the evidence obtained by Stewart & Bowen (1952) who found 
that extracts of organs other than the parathyroid glands would increase the 
urinary phosphate of rats. The extract used in the present experiments was 
proved to be fully active on the serum calcium of a dog. — 
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Local antagonism of the effects of oestrogen and progesterone. 


By I. KE. Evans and J. M. Rozson. Department of Pharmacology, Guy’s’ 
Hospital Medical School 


It has been shown (Héhn & Robson, 1950) that the action of progesterone on 
the endometrium of the rabbit can be reduced by the local application of 
certain steroid substances. This antagonism takes place in the target organ, 
i.e. the endometrium (Heath, Héhn & Robson, 1952). It has also been shown 
that the action of oestrogen on the vagina is antagonized by progesterone, 
though it is not clear whether this antagonism occurs at the level of the target 
organ (Robson, 1950). 

In order to determine whether these effects are specific to steroid hormones, 
the actions of a number of other substances have been studied. The present. 
report deals with the effects of certain hydrocarbons and of two folic acid 
antagonists. The action of the folic acid antagonist aminopterin on the response 
to oestrogen and to progesterone has been previously described (King & 
Velardo, 1951; Hertz & Tullner, 1949). 

In all experiments the steroid hormones were injected systemically into 
ovariectomized animals. The antagonists were introduced locally : in the mouse 
experiments this was done intra-vaginally, the vagina being ligated at its lower 
end after introduction of the material; in the rabbit the substance was intro- 
duced into a segment of the uterine horn according to the technique described 
by Héhn & Robson (1950). 

The locally acting substance was in the form of a powder for the hydro- 
carbons and in the form of solid compressed implants (2% of the active sub- 
stance +73% lactose+25°, magnesium monostearate) for the folic acid 
antagonists. The response of the tissues, vagina or uterus, was determined 
histologically. 

Three carcinogenic hydrocarbons, viz. methylcholanthrene, 1,2,5,6-di- 
benzanthracene, and 1,2-benzpyrene completely abolished the response of the 
mouse vagina to 0-2 ug of oestradiol (given over 2 days), of the rabbit endo- 
metrium to 100 ug of oestrone (given over 10 days), and of the rabbit endo- 
metrium to 1 mg of progesterone (given over 4 days). Similar, though less 
marked, effects were produced by the non-carcinogenic hydrocarbons, an- 
thracene and pyrene. 

Two folic acid analogues, 9: 10-dimethyl pteroyl glutamic acid and 4-amino 
pteroyl glutamic acid (aminopterin) fully antagonized the response of both 
oestrogen and progesterone. 

In the case of all five hydrocarbons investigated, the reduction of the 
oestrogen response in the mouse vagina was fully reversed, i.e. the vagina ~ 
became fully cornified, when the dose of oestrogen was increased 10 times, 
i.e. to 2g of oestradiol. This suggests that this antagonism is competitive in 
nature. 
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We are greatly indebted to Lederle for the supply of folic acid antagonists and to the Medical 
Research Council for a grant (to J.M.R.) which defrayed in part the expenses of this investigation. 
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Some aspects of the water metabolism of an Australian marsupial. 
By P. J. BentLey 


The effect of moderately large doses of veratramine and vera- 
trosine on the rhythm of the acutely denervated heart of the cat. 
By H. W. Kosreruirz, 0. Kraver and A. Matauiana. Department of 
Pharmacology, Harvard Medical School, Boston, Massachusetts 


Spinal preparations were made by cutting the spinal cord at the upper border of 
the third vertebra and pithing the brain under ether anaesthesia. The heart was 
denervated by excision of both stellate ganglia and cutting of the vagus nerves. 

When veratramine (1 mg/kg) was given intravenously, the heart rate rapidly 
decreased from 165-240 to 40-95 beats/min. This was followed by a peculiar 
rhythm characterized by alternating periods of complete absence of electrical 
activity in the e.c.g. and sino-auricular activity of varying frequency (off-on 
rhythm), The silent periods lasted for 10-20 sec and occasionally 30 sec. After 
a silent period, the frequency (100-130 beats/min) was higher than that of the 
regular rhythm immediately before the onset of the off-on rhythm but declined 
more or less rapidly to 50-70 beats/min prior to the next silent period. This 
cycle of activity and inactivity recurred at regular intervals for about 15- 
25 min, the silent periods becoming progressively shorter and the active ones 
longer. Eventually, the off-on rhythm was replaced by a slow but regular 
rhythm of 60-80 beats/min, its frequency increasing gradually over a period 
of 60-90 min but usually not reaching the value present before injection of 
veratramine. 

During the first few minutes after the administration of veratramine, in- 
fusion of adrenaline or noradrenaline or stimulation of postganglionic cardio- 
accelerator fibres changed the off-on rhythm to a regular rhythm, either for 
the whole period of the infusion or stimulation, or only for part of it. However, 
when the off-on rhythm had just given way to a regular rhythm, at a later 
phase of the action of veratramine, infusion of adrenaline or accelerator 
stimulation nearly always caused the off-on rhythm to return. 


The action of veratrosine did not differ fundamentally from that of 
veratramine. 


a 
« 
a 
f 
| 
} 
4 


SOCIETY, 26-27 MARCH 1954 41P 


The inhibition of water diuresis by a decrease in blood and extra- 
cellular fluid volume. By J. H. Cort. Department of Experimental 
Medicine, University of Cambridge, and Department of Physiology, Uni- 
versity of Burmingham 

It has been reported that water diuresis can be initiated by rapid infusion of 

normal saline (Strauss, Davis, Rosenbaum & Rossmeisl, 1951), and it has been 

argued from this and other evidence (Leaf & Mamby, 1952) that the elabora- 
tion of antidiuretic hormone can be influenced by a change in extracellular 
fluid volume independent of any change in extracellular fluid tonicity. The 
opposite effect has been investigated in the following way: four unanaesthetized 
puppies were given water by stomach tube amounting to 3% of body weight, 
and at the same time they were given 2°, body weight of normal saline intra- 
peritoneally. This served as the control experiment. Two days later the animals 
were given the same solutions again, except that 2-5 g/kg of dextran was added 
to the intraperitoneal injection. Intraperitoneal colloid produces a large 

collection of immobilized extracellular fluid in the peritoneal cavity, with a 

decrease in blood and non-ascitic extracellular fluid volume, some increase in 

colloid osmotic pressure of the blood, but no change in the tonicity of the 
extracellular fluid (Cort, 1952). The effects of this on urinary excretion are 
listed in Table 1. The control runs showed a normal water diuresis response for 


Control Colloid 

Hr Cr., Na, H.V U/Pe. Cr., Na, H.V U/Po 
B 0-94 0-93 1:2 62-0 1-02 1-06 1-4 48-0 
1 1-13 0-90 7 21 0-92 0-23 ll 56 

2 1-25 0-74 5-2 16 0-91 0-16 1-0 61 

3 1-34 0-79 3-4 36 0-91 0-14 1-1 56 

4 1-28 0-87 2-6 43 0-95 0-19 1-8 35 

5 1-19 0-91 2-2 46 1-27 0-21 4-6 17 

6 0-97 0-89 1-9 34 1-21 0-23 3:1 26 


Cr., = Creatinine excretion in mg/kg/hr; Na, =sodium excretion in m.equiv/kg/hr; H.V.=hourly 
urine volume in ml.; U/P,,. = concentration ratio of creatinine in urine and serum. B is the base- 
line hour, and administration of all fluids took place after this control period. All figures are 


averages. 


a puppy, with perhaps a slight spreading of the peak of urine flow (presumably 
because salt had been given), some increase in glomerular filtration rate 
(absolute creatinine excretion), and an absolute decrease in sodium excretion 
inversely related to the water excretion (Sawyer, 1952). When peritoneal 
dialysis was induced with colloid, the onset of the diuresis was delayed for 
about 3 hr, which is the duration of the transfer of extracellular fluid into the 
peritoneal cavity with the stated dosage of colloid. Sodium excretion was 
markedly depressed during this period. When the diuresis did appear, it was 
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less marked than the control diuresis. From this it appears that water diuresis 
can be inhibited by a decreasing blood or extracellular fluid volume, and that 
the inhibition ceases when the rate of volume loss falls off. 
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Nutrition of the lens by way of the aqueous humour. By H. Davson. 
Medical Research Council, Department of Physiology, University College, 
London 

Fig. 1 shows the course of equilibration of thiourea with the aqueous humour 

and lens when a constant concentration (=100) is maintained in the plasma 

of large adult rabbits. Equilibration of the lens lags behind that of the 
aqueous humour. If a lens is cut equatorially at an early stage of equilibra- 
tion, the anterior segment has about twice the concentration of the posterior 
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segment, indicating that the uptake of thiourea takes place predominantly 


from the aqueous humour. The process is independent of pupillary area; 


this indicates that it is during the passage of a 
queous humour through the 
posterior chamber and pupil that the main uptake of material pon The 
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aqueous humour curve in Fig. 1 approaches a steady state, in which the con- 
centration is 85%, of the plasma level; from the curve of lens uptake it may be 
shown that this steady state is a temporary one, due to a balanced net influx 
from the blood and outflux into the lens. The lenses from young animals show 
a more rapid equilibration with plasma (‘half-life’ of 160 min); this is partly 
due to a more rapid turn-over of aqueous humour. If the rate of turn-over 
of aqueous humour is related to the mass of lens that must be nourished, 
we may expect it to be very high in the rat; this is found to be true and it 
may be that the variation in the chloride-ratio with different species 
described earlier (Davson, Matchett & Roberts, 1952) is related to this 
observation, a hypotonic aqueous humour in the small eye favouring a more 
rapid removal of water from the anterior chamber. 
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Nervous structures in recently described baroceptor areas of 
the right common carotid artery in the cat. By J. Boss and 
J.H.Green. Departments of Anatomy and Physiology, Middlesex Hospital 
Medical School, London 


Table 1 lists the baroceptor areas known to be present in the right common 
carotid artery of the cat. 


TaBLz 1. Baroceptor regions of the right common carotid artery of the cat, in headward order. 
The areas are approximately equally spaced along the artery. 


Area Nerve supply Arterial branches Author 
l Aortic nerve (X) Subclavian artery Nonidez (1935) 
la Aortic nerve (X) None Green (unpublished) 
2 Aortic nerve (X) None Green (1954) 
3 Aortic nerve (X) None Green (1954) 
Common carotid area Common carotid Ramus muscularis Green (1953) 
nerve (X) dorsalis 
Carotid sinus Sinus nerve (IX) Terminal bifurcation Hering (1923), de 
Castro (1928) 


These areas have been examined histologically, and nervous structures 
similar to those illustrated in Fig. 1 have been found in all six areas. 

Sections were prepared of portions of artery impregnated with silver by 
Ranson’s method. As a control, lymphoid tissue was impregnated in an 
identical manner, and it was confirmed that the reticulum remained un- 
blackened. Fibrillar masses of the type exemplified in Fig. 1 were found where- 
ever baroceptor activity had been detected electroneurographically and never 
elsewhere. It was possible to trace the continuity of such structures with the 
axons of myelinated nerve fibres. 
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Bach of these fibres entered the wall of the artery and divided into several 
branches which ran among the innermost adventitial connective tissue. Such 
branches splayed out into fine fibrils, which were often seen to reunite (Fig. 1). 


Fig. 1. Nervous structures in the common carotid baroceptor area. An unretouched 
photomicrograph. 
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The effect of anaesthesia on the blood volume of rabbits. By 


J. A. McKrywa and J. J. Mistewicz. Department of Physiology, 
St Bartholomew's Hospital Medical College, London, E.C. 1 


The effect of pentobarbitone-ether anaesthesia on the circulating blood 
volume was studied by making two estimations, separated by a 2 hr interval, 
in one group of conscious and in another group of anaestiietized rabbits. A 
modification of the radioactive method of Reeve & Veall (1949) was used. 
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Each estimation consisted of intravenous injection of 1 ml. of a 50% saline 
suspension of **P-labelled red cells, followed after 5 min by withdrawal of a 
3 ml. sample from the central artery of the ear instead of the right atrium 
(Armin, Grant, Pels & Reeve, 1952). Immediately before the second estima- 
tion an arterial sample was taken and used to determine the residual radio- 
activity from the first injection. Duplicate counts of two dilutions of each 
sample were made. Haematocrit values were measured by spinning a 10 cm x 
2mm column of blood at 3000 rev/min (radius 13cm) for 30 min. A pre- 
liminary series of forty haematocrit determinations on arterial samples from 
ten rabbits showed that the sampling technique was reliable. 

All rabbits were deprived of water for 4 hr before an experiment. The 
anaesthetized group was induced with 32 mg/kg of intravenous pentobarbitone, 
and maintained by intubation and connexion to a closed circuit oxygen-ether 
apparatus. Rectal temperatures were kept between 39 and 40°C. Blood- 
volume estimations were made | and 3 hr after intubation. 

The values for blood volume and red cell volume obtained, with standard 


error, taking all readings, were 


blood Red blood cell 

volume (ml./kg) volume (ml./kg) 
Conscious (11) 62-0+2-3 18-5+0-8 
Anaesthetized (10) 47-742-4 17-4408 


The values obtained in conscious rabbits agree well with those of Armin et al., 
in spite of the different sampling technique. In the second group it is seen that 
the first 1-14 hr anaesthesia caused a mean fall of 14 ml./kg in total blood 
volume, and that this fall of 23 94 was due to a loss of plasma as the red cell 
volume showed no significant change. There was no further fall in volume 
in the subsequent 2 hr of anaesthesia. The variations found in individual 
conscious rabbits after the 2 hr interval showed no definite trend and were 
significantly less than those between different animals. 
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The effect of slight venous distension on the apparent rate of 
blood inflow to the forearm. By A. D. M. GreenrFietp and G. C. 
Patterson. Department of Physiology, The Queen’s University of Belfast 


The apparent rate of blood inflow to the forearm, as measured by venous 
occlusion plethysmography, is not appreciably altered by inflating a cuff on 
the arm to a pressure sufficient to increase the resting volume of the forearm 
by amounts up to 2%. Pooled results of seventy-two experiments gave a mean 
flow during distension of 101-1 % (8.E. 1-36) of the resting flow. 
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Measurement of muscle striations in stretch and contraction. 
By A. F. Huxuey and R. NrepercerKe. Physiological Laboratory, 
University of Cambridge 

The widths of the A and J bands of isolated striated muscle fibres from the 

frog have been measured during passive stretch and during isometric and 

isotonic contractions. The fibres were mounted under an interference micro- 
scope (objective n.a. 0-9; condenser n.a. 0-5-0-6) and photographed on moving 
film by a series of flashes from a discharge tube. 

Passive stretch. During stretch beyond the body length (sarcomere width 

S =2-5) the A bands (regions of higher refractive index) stayed at a practically 

constant width of 1-4-1-5y, the increase of length of the fibre taking place in 

the I bands. The fibres would shorten passively to S= 2 (but no further); this 


A 
B 


Fig. 1. Part of a fibre, A before and B-D during a short isotonic tetanus, showing that the _ 


shortening takes place in the J bands (light). E, stage micrometer, 10 divisions. 


also took place mainly by change of J band width, and the small decrease in 
the measured width of A may be within the limits of experimental error. 

Isometric twitches. No detectable changes in striation widths occurred during 
isometric twitches at a wide range of lengths. Tensions were measured simul- 
taneously with the RCA 5734 transducer, and were normal for the cross- 
sectional area of the fibres. 

Isotonic twitches and short tetani. In the range of overlap with the stretch 
experiments (S=2-0-3-2), A band width hardly changed during isotonic 
contraction, such changes as there were being closely similar to those during 
passive shortening. With greater shortening, A band width decreased con- 
siderably and on a few occasions narrow dense lines were seen both at the centre 
_ of the former A band and at the position of the Z line. 

The approximate constancy of A band width under a wide range of conditions 
agrees with the observations of the classical microscopists (Krause, 1876; Engel- 
mann, 1880), but not with some more recent observers (Buchthal, Knappeis 
& Lindhard, 1936). It may be taken as favouring Krause’s suggestion that the 
material which gives the A bands their high refractive index is in the form of 
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submicroscopic rods whose length does not change under these conditions. 
The results obtained during contraction show that the changes in the ratio of 
A and I band widths are related to shortening of the fibre, and not to ‘activa- 
tion’ or to tension development as such. 
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A method for the fixation of smoked tracings. By ©. J. Wixs. 
Department of Physiology, University of Bristol 

Among the other disadvantages of resin varnishes in the fixation of smoked 

tracings is the almost inevitable gloss finish which complicates photographic 

reproduction. 

Adequate fixation of smoked records may be combined with a matt finish 
with the use of a casein size made up in the following proportions: casein, 
15 g; ammonia, 25 ml.; spirit, 100 ml.; water, 900 ml. 

The kymograph paper is first passed through a tank containing methylated 
spirit; when dry the tracing is passed once through the casein size. 

The mode of action of the preliminary spirit priming is not clear, but with- 
out it it has been found impossible to obtain good results. When dry, a tracing 
is matt and may be preserved without further treatment provided care is taken 
to prevent scratching; records are best stored flat, protected by layers of tissue 
paper. If there is no question of future photography, gentle polishing with a 
silk cloth gives a hard, slightly glossy appearance. The records are now fully 
permanent and may be stored without special precaution. 


Internal calorimetry—an automatic recorder. By J. Grayson and 
A. L. Haren. Department of Physiology, University of Bristol 
Internal calorimetry, evolved from Gibbs’s heated thermocouple (1933), is a 
method for the measurement of thermal conductivity in solid organs. Its 
main applications have been to liver and brain blood-flow determinations. 
The thermal conductivity of living liver is about twice that of dead liver. It 
was at first claimed that conductivity increment (8k), was a linear function of 
blood flow (Grayson, 1952), but Linzell suggested (1953) that this might not be 
strictly true even in the liver. However, recent experiments on liver and brain 
in which venous outflow was measured directly and compared with 5k show 
clearly that, over a wide range of flow, the relation is approximately finear. 
d 
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Thus in organs with high resting blood flows, 5k is a useful index of flow near 
the recorder. 

The recorder used in internal calorimetry is a copper constantan thermo- 
couple with an attached filament of constantan wire through which a steady 
electric current (I) can be passed. Heat loss from the filament at equilibrium 
is governed by the relation, /?=F0k (where F is the instrumental factor, 
6 the rise in temperature, k the thermal conductivity of the tissue). Using the 
manually operated apparatus, sufficient current is passed to raise the recorded 
temperature by 1° C, whence ‘k’ is given by J*/F. 

A 


0-4 
ball 
| 


or 


0 1 2 3 4 5 6 7 
Time in min 
Fig. 1. Internal calorimetry ing from rat liver. A. Animal anaesthetized with 


ether (B.P.-130mm Hg), k=23-2x10-*. B. Asphyxia induced by blocking airway 
(B.P. =40 mm Hg), k= 13-9 x 10-*. C. Animal dead, k= 12-5 x 10-*. Values of ‘k’ were calcu- 
lated from photographic trace using formula k=0-15/0F (‘F’ for this jnstrument = 110). 


A practical disadvantage of this method is the personal factor involved in 
the measurement of a 1° C rise in tissue temperature. To estimate such a rise 
is not always easy, particularly in the presence of a changing base-line of 
temperature. 

Recently we have developed an apparatus which records automatically 
the temperature increment, 0, produced by a fixed current (J?=0-15), whence 
k=0-15/6F. 

An automatic contact maker controls the current supplied to the heater. 
Temperature is recorded photographically with a moving-coil mirror galvano- 
meter and a slow-moving recording camera. Current (in amperes*) is supplied 
as follows: 0-18 for 32 sec; 0-55 for 12 sec; 0-33 for 23 sec; 0-00 for 15 sec; 
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— 0-18 for 32 sec, etc. The short bursts of high and no current were periods 
of overheating and overcooling necessary to secure equilibrium at J? levels of 
0-18 and 0-33 within a reasonable time. The difference between these current 
levels corresponds to an J* increment of 0-15, and the accompanying tempera- 
ture rise can be easily measured on the photographic trace (Fig. 1). Base-line 
temperature drifts can be readily corrected for. 

The method has not yet been in use long enough to assess its full scope, but 
preliminary results are encouraging. 


The expenses of this work were largely defrayed by a grant from the Medical Research 
Council. 
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Work and efficiency—a class experiment. By J. Grayson 


A twelve-channel transportable toposcope. By W. Grey WaLreErR 
and H. W. Surpron. Burden Neurological Institute, Bristol 


This equipment was developed specially for electro-encephalography (Grey 
Walter & Shipton, 19514, b), but has been found useful for similar applications 
in which the position and time relations of many electrical events are of in- 
terest. There are three units; one contains the twelve preamplifiers and calibra- 
tion circuits, one the control devices and the third the power supplies, velodyne, 
magslip, scanning circuits, brilliance modulation amplifiers and twelve small 
cathode-ray tubes which carry a radial clock hand sweep. A special feature is 
an arrangement whereby the rotational speed of the velodyne scanner is made 
to follow automatically the repetition rate or frequency of the incoming signal 
in any selected channel. At the same time the phase of the scanner is locked to 
that of the signal so that the brightened sector in the corresponding cathode- 
ray tube always appears stationary at, say, 12 o’clock. Any other channels 
carrying signals related to those in the motive channel also display stationary 
patterns while irregular components are blurred. The position of the signal in 
the motive channel acts as a fiducial mark to which other signals may be 
referred. A tachometer indicates the frequency range of the signals. The error 
signal in the servo control can be used to control the shutter of an integrating 
camera so as to discriminate in favour of regular patterns. The frequency and 
phase lock systems operate in about 200 msec after the appearance of a regular 
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signal at about 5 ».V and can follow frequency changes equivalent to 10 octaves 
per sec. There are contacts on the velodyne shaft for delivering up to three 
stimuli in a variety of patterns when the scanning speed is manually con- 
trolled, so that the distribution and time relations of ‘spontaneous’ and evoked 
activity may be compared. 
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The baby pig as a laboratory animal. By M. R. McCrea and 
D. E. Taree. School of Veterinary Science, University of Bristol 


Until recently it has been impossible to investigate many problems associated 
with the physiology and nutrition of the baby pig, since in the interests of its 
survival it has been necessary to leave it with the sow until 6 or 8 weeks of age. 
However, it is now possible, by using the following technique, to maintain the 
pig apart from the sow in a normal and healthy state under the controlled 
conditions of the laboratory. 

The baby pig may be removed from the sow at 24 or 48 hr old and placed 
in a wire-meshed cage measuring 17 x 24x 16 in. Suspended above this cage 
is a 250 W infra-red lamp which maintains the cage temperature at approxi- 
mately 75° F. Beneath the wire-meshed floor of each cage is placed a metal 
dropping tray containing sawdust. In order to simplify the feeding routine it 
is necessary to persuade the pigs to eat solid food as soon as possible. For this 
reason they are offered water, cows’ milk, and solid food immediately they 
are introduced to the cage. The milk supply is gradually reduced until by 
7-10 days it is removed altogether and the pigs then receive only the solid food 
and water. 

The milk and the water may be offered cold and in an open trough or dish. 
The solid food which we have found to be satisfactory consists of 40% sucrose, 
' 25% maize starch, 10% casein, 10% whole-milk powder, 10% dried yeast 
powder and 5% McCollum’s salt mixture no. 185 (with iron). To every 100 g 
of diet is added 400 i.u. vitamin A, 100i.u. vitamin D, and 0-002 g procaine 
penicillin G. Every pig receives the equivalent of 100ug of vitamin B,, 
injected intramuscularly at both 3 days and 3 weeks of age. When approxi- 
mately 3 weeks of age the pigs are removed from the cages and placed in small 
communal concrete pens (converted guinea-pig pens are admirable), at one 
end of which is erected a wooden kennel which is also heated by an infra-red 
lamp. Individual feeding may still be continued, until, at 6 or 8 weeks of age, 
the pigs are too large to be treated any longer as laboratory animals. 
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A self-filling electronically controlled syringe, delivering a set 


quantity of fluid at variable intervals of time. By J. Ciurron- 
Brock 


The ‘Clevedon’ and ‘B.A.C.’ respirators. By J. MacCrea 


Culture of whole gall bladders in vitro. By F. Jacopy. Sub-Department 
of Histology, Department of Anatomy, University College, Cardiff 

In connexion with a study of cell proliferation in the gall bladder of guinea- 

pigs it was thought desirable to make some observations on whole gall 

bladders removed from the organism and kept in vitro. 

The purpose of this demonstration is to show the culture chamber used and 
some preliminary results obtained with it. Glass specimen tubes with a flat 
bottom (diameter 30 mm and 55 mm deep) are used as culture vessels. The 
medium for each vessel consisted of 8-0 ml. horse serum, 2-0 ml. guinea-pig 
serum and 8-0 ml. Tyrode solution, containing 500 units of penicillin and 
20 units of streptomycin. 

At a sterile operation under ether anaesthesia the gall bladder is exposed, 
partially emptied by gentle pressure and, with the cystic duct tied, removed 
from the animal. After a brief wash in Ringer solution it is, by means of the 
ligature thread, suspended in the above medium. The culture vessels so pre- 
pared are then placed in a sterilized culture chamber which is a modification 
of the design used by Trowell (1952) for lymph node cultures. It consists of a 
strong rectangular brass box (20 x 4-5 x 6-5 cm) open at the top and fitted with 
a perforated shelf to hold the culture tubes in position. The top is closed by a 
Perspex lid (4 in. thick) which can be screwed down firmly so as to give an air- 
tight seal. Small openings sufficiently large to accommodate a Record needle 
are provided at opposite ends of the brass container. Through one of these the 
chamber is filled with O, whilst the displaced air is allowed to escape through 
the other hole. A number of workers (e.g. Medawar, 1948; Parker, 1950; 
Trowell, 1952) have found a high O, content in the gas phase advantageous or 
even necessary for cultures of whole organs from adult animals. Eventually 
both holes are plugged by means of conically shaped steel pegs. The chamber 
is then placed in an incubator (37° C), and a geared-down crank, worked outside 
the incubator and rotating at 2 rev/min, transmits a slow rocking movement 
to the culture chamber. The gas phase is renewed once every day. | 

Only short-term, up to 3 days, cultures have been made so far. At the end 
of the culture period the gall bladders were, after a brief wash in Ringer’s 
solution, fixed in alcoholic Bouin, embedded in paraffin, serially sectioned and 
stained with Ehrlich’s haematoxylin and chromotrop. 
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Results. When the gall bladders had been cultured in a collapsed or con- 
tracted state, survival was incomplete. The serosal endothelium, its supporting 
connective tissue with blood vessels and lymphatics and much of the muscle 
coat were fairly well preserved. There was evidence even of cell proliferation 
on the outer surface. The tunica propria, however, and much of the lining 
epithelium were largely necrotic or showed necrobiotic changes, though some 
deep epithelial invaginations had survived. It was concluded that the gall- 
bladder walls had been too thick to allow proper diffusion of the culture 
medium. 

Gall bladders were then cultured in a grossly distended form by injecting 


into each 1-5-2-0 ml. of sterile liquid paraffin prior to removal from the | 


animal. This resulted in an extreme attenuation of the gall-bladder wall and 
in a much more satisfactory survival, in culture, not only of the outer coats 
but of the mucous membrane as well. Only in small patches pyknotic nuclei 
and karyorrhectic figures were seen. The epithelium, though well preserved over 
most of the circumference, showed a nuclear arrangement somewhat less 
regular than that seen normally. No mitoses worth speaking of were observed. 
This is in contrast to the high rate of mitotic activity that occurs in the 
epithelium of the gall bladder when distended in situ and in vivo subsequent 
to ligation of the common bile duct (Jacoby, 1953). Further comments on this 
point, however, would be too speculative at this ~~. 
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A low-pressure chamber. By W.J.Gaut, A. F. Rogers and J. M. Yorrry. 

Departments of Anatomy and Physiology, University of Bristol 
A 701. reinforced chamber with a Perspex roof is continuously exhausted by 
a pump. Filtered air is admitted through a variable leak which is controlled 
by a servo-mechanism keeping the simulated altitude constant and independent 
of barometric fluctuations. Rate of air flow is variable up to 30 1./min and the 
simulated altitude up to 30,000 ft. Gauges indicate the simulated altitude 
(continuously recorded) rate of climb, air flow, and temperature. The servo- 
mechanism compares the air pressure in the chamber with a constant pressure 
and controls a reversible motor which is geared to a fine control valve. 

Food can be introduced through a hatch and water through a separate tube. 

Urine is withdrawn from the bottom of the chamber. 


The authors wish to express their indebtedness to the Bristol Aeroplane Co for 
loan of the 70 1. reinforced chamber. ot ea 
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An adjustable constant volume injection syringe. By A. F. Rocers. 
Department of Physiology, University of Bristol 

Plasma volume estimations by the Evans blue T 1824 dye injection technique 

require the intravenous injection of an accurately known quantity of dye. The 

opacity of the dye causes difficulty in reading the syringe calibration marks 

and the dead space of the needle is a problem. Chinard (1951) discusses various 

methods and devices for partially overcoming the difficulties. 

Simple adaptors which seem to meet most requirements have been con- 
structed for various sizes of syringes. The removable cap is taken from the 
back end of a syringe and the thumb button unscrewed. The syringe can then 
be engaged with a similar cap soldered into the end of the tubular adaptor, and 
the piston push-rod screwed into an extension rod. The body of the adaptor 
carries two finger rings and the extension rod a thumb ring. An adjustable 
stop on the extension rod can be fixed at any position by a projecting knurled 
screw and serves to limit the withdrawal of the piston when it strikes the hind 
end of the adaptor. 


Projecting knurled screw 


Fig. 1. Adaptor for syringe. 


For use the syringe and adaptor are assembled and the stop fixed at the 
desired position. Each full piston stroke can now only deliver the same chosen 
constant volume which can be determined accurately by weighing successive 
deliveries of water. The needle is inserted directly into a vein and a single stroke 
injection of dye given. The dead space of the needle is of no importance and 
the quantity delivered is known precisely and is exactly repeatable. 

The needle can be introduced into a vein in difficult cases by =— it 
through a short needle already inserted in the vein. 


REFERENCE 
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Recording of muscle blood flow with thermo-electric needle 
recorders. By H. 


Blood-flow reactions in the brain. By A. Cartyie, E. J. Fierp, 
J. Grayson and A. F. Rocrrs. Departments of Physiology and Anatomy, 
University of Bristol 

Internal calorimetry, an application of Gibbs’s heated thermocouple to the 
measurement of thermal conductivity in animal tissues (Grayson, 1952), was 
applied to problems of brain blood flow. Circulating blood raises tissue thermal 
conductivity by an amount 5k. The relation between 5k and brain blood flow 
was investigated with recorders embedded in the brains of three anaesthetized 
cats. In each, the femoral artery was connected to a blood-pressure regulating 
device, the vertebral veins were obliterated and all jugular veins cannulated. 
Venous outflow was measured directly and the blood returned to the animal 
via the femoral vein. Total flow was altered by raising or lowering the systemic 
arterial pressure. The relation between 5k and flow was approximately linear 
over a wide range of flows, but although 5k is a sensitive index of local blood 
flow in the brain it is emphasized that 5% does not necessarily indicate total 
brain blood flow. 

In the following experiments, sheep, goats and rabbits were anaesthetized 
with sodium pentobarbitone or ether and recorders implanted in the fronta: 
lobes. The values of 5k obtained ranged from 5-4 to 13-2x 10-*. The mean 
value in the rabbit was 6-4 x 10-* (mean liver 8k=9-8 x 10~ in the same 
species). Blood flow was stable under most conditions. 3 

Intravenous infusions of adrenaline and noradrenaline were given in doses 
sufficient to raise mean arterial pressure by about 50mm Hg. Usually 5k 
increased rapidly by 35-60%. The increment was not maintained, and after 
3 min 5k began to fall. Despite continued infusion and maintained blood- 
pressure elevation, the brain blood flow returned to resting levels within 
5-10 min. 

Intracarotid infusions of adrenaline in similar doses diminished 5k, pre- 
sumably by direct vasoconstrictor action. 

Intravenous hexamethonium iodide and tetraethylammonium bromide 
produced transient increases in 5k followed by rapid returns to resting levels. 
Atropine had no effect on 5k. After ganglion blocking agents or atropine, 
intravenous infusions of adrenaline or noradrenaline usually produced definite 
diminutions in 3k. 

It is concluded that, although brain blood flow is probably independent of 
tonic nervous discharges, nervous mechanisms must be involved in the dilator 
response to intravenous adrenaline or noradrenaline. Since the local action of 
adrenaline was, apparently, vasoconstrictor, it is suggested that a rise in 
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systemic arterial pressure is the stimulus which initiates brain vasodilatation. 
Since atropine prevents the response, cholinergic efferent pathways are 
probably involved. 


No evidence has been obtained as yet regarding the sensory side of these 
reflexes or the baroreceptors involved. 


Part of the expenses of this investigation were defrayed by a grant from the Medical 
Research Council. 
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Blood-flow reactions in the skin of the upper arm. By J. Grayson 
and A. L. Haicu. Department of Physiology, University of Bristol 


Skin temperatures were used to compare blood-flow reactions in the skin of the 
fingers and that of the upper arm. The mean temperature of the skin overlying 
the deltoid insertion was 31-5°C, the range of variation in different subjects 
was 30 to 34° C, There was little variation in the level recorded from any one 
subject at different times. Upper arm skin temperature was stable and 
spontaneous changes were never observed. It is possible that skin temperature 
in regions of relatively high blood flow is insensitive as an index of blood flow. 
Nevertheless, since changes could be induced by other procedures, it was con- 
cluded thAt gross variations in upper arm skin blood flow were rare under 
conditions of rest, and that the upper arm skin blood flow possessed a degree 
of stability not seen in the fingers. 

Reduction in the amount of cold stimulus at the surface of the body—by 
application of blankets to the unclothed subject—was accompanied by pro- 
nounced increase in the temperature of the finger skin, without change in 
upper arm skin temperature. Immersing the feet in hot or cold water usually 
caused marked diminution in finger skin temperature. Again, these pro- 
cedures had no effect on the temperature of the upper arm skin. 

However, when the body heating was sufficient to raise the mouth tempera- 
ture, finger skin temperature usually rose to between 35 and 36° C; at the 
same time the temperature of the upper arm skin also rose, in most cases to 
34° C or higher. 

Since venous occlusion distal to the recorder had no influence on this result, 
the rise in upper arm skin temperature could not have been due to increased 
venous return from the distal parts of the limb. Since the rise in skin tempera- 
ture was greater than, and began before, the rise in temperature in the under- 
lying muscle (recorded from an implanted needle thermocouple) it was 
considered that the effect was probably due to local vasodilatation in the skin. 
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In order to determine whether this vasodilatation was active or caused by 
inhibition of pre-existing vasomotor tone the effects of intravenous tolazoline 
(‘Priscol’, 2-benzyliminazoline hydrochloride) and of cervical sympathectomy 
were investigated. Both procedures caused definite increase in upper arm skin 
temperature, unaffected by venous tourniquet. 

It was concluded that vasomotor tone, probably sympathetically mediated, 
exists in the skin of the upper arm. The blood vessels of this region do not 
appear to take part in what must be assumed to be temperature regulating 
reactions such as occur in the skin of the extremities. 


The expenses of this investigation were aided by a grant from the Medical Research Council. 


The reactivity of the ruminant uterus to oxytocin and vasopressin. 
By R. J. Frrzpatricx. Department of Pharmacology, University of Bristol 


The response of the corpus uteri to oxytocin and vasopressin was investigated 
in vivo in cows and sheep using the intra-uterine balloon method of Schild, 
Fitzpatrick & Nixon (1951). The activity of these fractions on the uterus of 
these species has not been previously investigated. 

Oxytocin was found to be more effective, but vasopressin preparations never- 
theless elicited contractions of the corpus which could not be attributed to 
contaminating oxytocin. These results agree with those in other species in- 
cluding man (Robson, 1933; McLellen, 1940). Administration of synthetic 
oestrogen augmented the response to both oxytocin and vasopressin. 
Magnesium chloride given intravenously (producing serum concentrations of 
3-2-9'5 mg °%Mg) increased the response to vasopressin but not that to 
oxytocin, even when so much magnesium was given that central nervous 
depression occurred. This provides confirmation in intact animals of an effect 
which has been found in vitro by Frazer (1939) and Stewart (1949). 

In pregnancy in sheep and cows reactivity to both oxytocin and vasopressin 
was found to be low, but at the end of pregnancy sensitivity was considerably 
augmented, the onset of high reactivity to vasopressin developing slowly and 
becoming recognizable before that to oxytocin. It is possible that this change 
in reactivity to vasopressin may be related to a rise in the serum concentration 
. = in the last days of pregnancy in bovines (Godden & Duckworth, 

REFERENCES 
Frazer, A. M. (1939). J. Pharmacol. 66, 85-94. 
Godden, W. & Duckworth, J. (1935). Biochem. J. 29, 445-455. 
McLellen, A. (1940), Lancet, 238, 919-922. 
Robson, J. M. (1933). J. Physiol. 78, 309-321. 


Schild, H. O., Fitzpatrick, R. J. & Nixon, W. C. W. (1961). Lancet, 260, 250-253. 
Stewart, G. A. (1949). J. Pharm. 1, 436-453. | 


a 
a 
¢ 


SOCIETY, 24 APRIL 1954 59 P 


The concentration of antidiuretic hormone in the blood and the 
fate of vasopressin in adrenalectomized rats. By M. Ginssurc. 
Department of Pharmacology, University of Bristol : 


Under ether anaesthesia, successive millilitres of arterial blood were taken 
from intact rats and rats 2 and 6 days after bilateral adrenalectomy, and were 
assayed for antidiuretic potency by intravenous injection into unanaesthetized 
water-loaded rats (Ginsburg & Heller, 1953a). In all experiments the first 
millilitre of blood had less antidiuretic activity than could be estimated. 
Further withdrawal of blood increased the antidiuretic potency of the blood 
in untreated adrenalectomized rats to a greater degree than did the withdrawal 
of equal volumes of blood from intact rats or adrenalectomized rats which had 
been treated with cortisone acetate (5 mg/day) or by replacement of drinking 
water by 0-9% NaCl solution. It would appear that increased antidiuretic 
activity in the blood in adrenalectomized rats, first described by Birnie, 
Eversole, Boss, Osborn & Gaunt (1950), is principally a consequence of 
haemorrhage, and that Ames & Van Dyke (1952) failed to confirm these 
observations because they obtained blood by decapitation or because they 
withdrew only small volumes of blood. 

After intravenous injection of vasopressin (100 mU/100 g) into anaesthetized 
rats, the disappearance of antidiuretic activity from the circulation follows an 
exponential course, and is retarded after acute nephrectomy, the mean half- 
life increasing from 51 + 2 sec (s.z. 7 observations) to 120 + 8 sec (4) (Ginsburg & 
Heller, 19536). In rats 48 hr after adrenalectomy the mean half-life of vaso- 
pressin in the circulation was 122 +12 sec (4) when the kidneys were intact, 
and 12345 sec (4) after acute nephrectomy. Treatment of the adrenalecto- 
mized rats with cortisone reduced the half-life to 74+7 sec (5), but treatment 
with NaCl had no effect. The urinary excretion of antidiuretic activity following 
the injection of 100 mU/100 g of vasopressin into unanaesthetized rats was 
21% of the dose in rats 48 hr after adrenalectomy and 6-7 % in intact rats. 
These observations suggest that adrenal hormones or their effects are involved 
in renal processes which remove large amounts of vasopressin from the 
circulation. 
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Irradiation of the monosynaptic reflex during post-tetanic 
potentiation. By F. B. Beswick and J. M. Evanson. Department of 
Physiology, University of Manchester 


The monosynaptic response recorded from ventral roots of the spinal cat in 
response to constant presynaptic volleys has been shown by Lloyd (1949) to be 
increased for a considerable time after a period of rapid repetitive afferent 
stimulation. He attributes this to a process restricted to the stimulated pre- 
synaptic elements. Eccles (1953) has suggested an explanation of the potentia- 
tion in terms of swelling of the presynaptic terminals of the stimulated fibres, 
since heterosynaptic testing reveals no increase in excitability of the moto- 
neurones. Jefferson & Benson (1953) expressed the opinion that in some 
experiments a portion of the potentiated ventral root response might represent 
the discharge of motoneurones of synergic muscles which have been activated 
by collateral fibres from the muscle afferents stimulated. 

Proof of this hypothesis may be obtained by recording the impulses in the 
peripheral nerves involved using spinal or decerebrate cats. 

Recording electrodes have been applied to a number of divided muscle 
nerves in the periphery, one of which has been stimulated at a rate of ten 
shocks per minute. Only in one instance has there been evidence of the dis- 
charge of motoneurones of synergic pools under these conditions. On testing 
after half-minute periods of rapid repetitive stimulation, however, it has been 
found repeatedly that reflex discharges, having typical monosynaptic charac- 
teristics, have been recorded both in the stimulated muscle nerve and in the 
nerves to certain synergists. This observation has been made using the nerves of 
the ankle extensors (medial and lateral heads of gastrocnemius, plantaris and 
the deep posterior muscles of the leg). 

The present findings confirm the view that during the potentiated phase the 
effectiveness of the presynaptic elements, presumably the boutons terminaux, 
may be so greatly increased that firing of synergic motoneurones by collateral 
fibres becomes possible. 
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Modification of Haldane gas analysis apparatus for use by junior 
students. By P. Corz and J. N. Muis. Department of Physiology, 
University of Manchester sis 

The use of the conventional Haldane apparatus for gas analysis by a junior 

class has two main disadvantages. The mercury costs about 25s. per apparatus, 

without any allowance for wastage; and the big inertia of moving mercury, in 
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inexpert hands, easily leads to sucking of potash or pyro over into the gas 

In this department, very dilute acid—0-5% HCl, v/v, is convenient—has 
for some time been in use. This has two disadvantages. It drains very slowly 
down the sides of the burette, so much patient waiting is necessary before 
reading; and gases are soluble in the weak acid. 

We have overcome the first difficulty by coating the burette internally with 
a silicone by aspirating the acetone-dried burette over dimethyldichlorosilane 
(Hopkins & Williams, Ltd.) for 5 minutes and subsequently washing with 
water. This does not affect the volume measurably. Three weighings of 
mercury delivered between the 7-0 and 10-0 mark before siliconing gave 
volumes of 3-060, 3-060 and 3-058 ml., and after siliconing 3-062, 3-060 and 
3-059 ml. 

We have therefore tried to assess the magnitude of the second source of 
error. Alveolar air, collected in sampling tubes, was analysed by our modifica- 
tion, and for comparison the acid in the reservoir was then replaced by mercury 
for further analyses. CO, was too low by 0-162 + 0-019 vols. % (s.2. of mean of 
26 experiments) and O, too high by 0-172 + 0-016 vols. % (s.2. of mean of 12 
experiments). Since these errors are opposite and nearly equal, the calculated 
B.Q. is unaffected. 

The low values may be due to solution of some CO, in the acid as the sample 
is drawn into the burette. The error is much reduced by previous equilibration 
of the acid with an appropriate tension of CO,. The high oxygen values are 
probably due in part to solution of nitrogen in the dilute acid, when the 
burette, after absorption of the other gases, contains nitrogen at atmospheric 
pressure. Repeated passages of gas to and from the pyro burette leads to a 
steady further shrinkage of volume, even after 100 passages, representing an 
increasing divergence from the mercury value. This progressive shrinkage is 
largely eliminated if the acid used has first been saturated with nitrogen at 
atmospheric pressure. 


Development of functional grafts from frozen and thawed adrenal 
cortex. By A. 8. Parkes and Auprey U. Smiru. National Institute 
for Medical Research, Mill Hill, London, N.W.7 


The observation that glycerol has the property of protecting spermatozoa 
against the otherwise fatal effects of freezing an! thawing (Polge, Smith & 
Parkes, 1949) was extended by us to the preservation of ovarian (Parkes & 
Smith, 1953) and testicular tissue (Parkes & Smith, 1954) at low temperatures. 
Thus, rat ovarian tissue soaked in 15% glycerol-saline (v/v) and cooled slowly 
to —79° C (solid CO,) and stored at — 190° C (liquid air) retains for very long 
periods (e.g. 1 year) its capacity to form an endocrinologically active graft. 
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Analogous experiments with adrenal cortical tissue have necessarily been 
more complicated. In testing the capacity of a graft to maintain life after 
double adrenalectomy the animal must be kept in good condition while the 
graft is becoming established, and a regimen was devised in which rats after 
adrenalectomy were maintained for 2 weeks on the stock diet containing 
1-0% NaCl plus saline to drink, then for 2 weeks on stock diet plus water, and 
- finally for 2 weeks on a low salt modification of the stock diet plus water. Only 
one adrenalectomized rat out of several hundred survived to the end of this 
regimen without a well-developed graft or an accessory gland being found 
at necropsy. 

The method of transplantation finally evolved was to cut each adrenal into 
halves, squeeze out the medullary tissue and inner cortex, and at the same 
operation or later, according to treatment, implant the four halves into the 
subcutaneous tissue of the flank. Using this technique, untreated tissue ‘took’ 
well, and maintained life in a high percentage of test animals. Treatment of 
the tissue with 15% glycerol-saline without freezing did not diminish its power 
to develop into a functional graft. Freezing of the tissue to —79° C in 15% 
glycerol-saline in the ‘slow cooler’ described by Polge & Lovelock (1952) much 
diminished the number of active grafts. In later experiments, therefore, the 
medium was changed, and the four half-adrenals were soaked and cooled 
slowly in buffered glycerol-Ringer, kept at —79° C for one hour and thawed 
quickly at +40°C. Of forty adrenalectomized rats receiving subcutaneously 
autografts so treated, twenty-four survived the test period and were found to 
have active-looking grafts only, while one more survived with graft and 
accessory nodule. 

These results show that conditions can be found in which exposure to low 
temperatures is not fatal to adrenal cortical tissue, and suggest that long-term 
storage at —79° C will be possible. It is likely, therefore, that the glycerol- 
freezing technique will permit the establishment of a human adrenal bank, as it 
has already a human cornea bank (Eastcott, Cross, Leigh & North, 1954). 
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The effect of pilocarpine on gastric blood flow. By R. L. BIsHTON. 
Department of Pathology, University of Bristol 

Changes in blood flow in the stomach wall of guinea-pigs were investigated by 

using copper-constantan thermocouples inserted in the wall of an exteriorized 

segment of stomach. The intramuscular injection of pilocarpine caused a 
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rapid and prolonged fall in gastric temperature accompanied by a fall in blood 
pressure. Local application of pilocarpine to the stomach wall caused a rise 
in gastric temperature. 

The fall in gastric temperature following intramuscular pilocarpine was pre- 
vented by blocking the splanchnic innervation with dibenamine or procaine. 


Noradrenaline in the foetus. By J. Garprver and A. V. Neate 


Control of rhythmical activity in the skeletal muscle of the 
embryonic dogfish. By J. E. Harris and H. P. Wurrine. Depart- 
ment of Zoology, University of Bristol 


Wintrebert (1920) claimed, and we have confirmed (Harris & Whiting, 1954) 
on morphological as well as experimental evidence, that the earliest contrac- 
tions of the skeletal muscles of the embryo dogfish are rhythmical and of 
entirely myogenic origin. 

At these earliest stages, the active myotomes on the right and left sides 
contract as two independent all-or-none units; the frequencies of the two 
rhythms are almost constant, though they may vary gradually over long 
periods. Such long-term changes affect both sides similarly and are probably 
produced by variations in temperature or oxygen supply. 

Later, though there is still no coordination between the two sides either in 
frequency or in phasing of the contractions, each side may shew sudden changes 
in frequency over a wide range. These changes appear to be produced by the 
participation of the nervous system. In this stage, as in the previous myogenic 
one, acetyl choline (5 x 10-*) accelerates the rhythm of both sides. 

Still later, changes of frequency occur which simultaneously affect the 
rhythm on both sides. These changes may be similar (both frequencies increase 
or decrease) or opposed (an increase in frequency on one side is accompanied 
by a decrease on the other); the phenomena clearly suggest the existence of 
central nervous excitation and inhibition. The individual contractions of the 
right and left sides are still uncoordinated; complete removal of the nervous 
system at this and all earlier stages produces a reversion to the typical slower 
myogenic rhythm. 

Physostigmine and p-tubocurarine in physiologically active concentrations 
have no effect on any of the stages described; a preliminary morphological 
study suggests that the development of a true motor end-plate occurs only 
after the above phenomena are well established. 
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The self-selection of purified food constituents by the rat during 
growth, pregnancy and lactation. By D. E. Trisz. School of 
Veterinary Science, University of Bristol 

Whether or not animals have the ability to select for themselves a diet capable 
of satisfying all of their physiological requirements is debatable. The published 
results of experimental investigations have been contradictory. Richter, Holt 
- & Barelare (1938) offered rats a choice of nine purified food constituents and 
reported that they made selections conducive to normal growth and reproduc- 
tion. However, Kon (1931) failed to demonstrate any such ability on the part 
of young growing rats, and Scott, Smith & Verney (1948) could find no relation 
between the food preferences of rats and age or pregnancy. In the present 
experiment a study was made of the ability of rats to select their diets during 
growth, pregnancy, and lactation, from the following seven foods which were 
offered without stint: maize starch, glucose, margarine, yeast, casein, 
McCollum’s salt mixture no. 185, and cod-liver oil. If introduced to the self- 
selection routine at weaning the rats were totally unable to select suitable diets 
and almost all died. If introduced to the routine when weighing approximately 
100 g the majority of rats selected a diet which was very similar in com- 
position to those generally recommended for use as stock diets in small animal 
laboratories, although some rats still failed to thrive and some died. During 
pregnancy and lactation the diets selected were deficient in both calories and 
protein and did not enable the does to rear normal litters. 
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Eck’s fistula in man. By R. Mityes Watxer. Department of Surgery, 
University of Bristol 

In 1877 Nikolai Vladimirovich Eck, when only 30 years old, published in an 
obscure Russian medical journal the experimental operation which has ever 
since been known as Eck’s fistula. After that Eck himself seems to have lapsed 
into obscurity. The operation consisted essentially of the diversion of all the 
portal venous blood into the inferior vena cava. It became a standard physio- 
logical procedure, and it has been shown that dogs with such fistulae can be 
kept alive for periods up to 8 years, in reasonably good health and with only 
minor and intermittent disturbances of their protein metabolism. 

In the human subject the occasion arises when a congenital abnormality, or 
more frequently disease, obstructs the normal flow of portal venous blood 
through the liver and then a state of portal hypertension results. In time a 
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collateral circulation develops, by which the portal blood finds its way back 
into the systemic circulation, thus partly but not fully lowering the hyper- 
tension. The collateral circulation is entirely beneficial in this respect, but at one 
site it is a danger to the patient—where the portal and systemic circulations 
anastomose in the region of the oesophago-gastric junction; here submucous 
varicose veins form, and these may rupture and cause fatal haemorrhage. 
It was at one time thought that the ascites, which is a feature of some cases of 
hepatic fibrosis, was due to the portal hypertension, but we now know that 
other factors are mainly responsible, for we have observed patients with very 
high portal venous pressures, over 500 mm of water, who have no ascites. 

Early in this century surgeons turned their attention to the performance of 
Kck’s fistula in man as a means of relieving the ascites caused by hepatic 
fibrosis, though the first case was performed by Vidal at Angers in France in 
1903 to relieve the danger of haemorrhage, but the patient survived for only 
34 months. On the whole the results were disappointing and the method was 
abandoned. It is only in the last few years, following a great revival in 
vascular surgery, that the operation has returned to use, not to relieve ascites 
but as a means of preventing haemorrhage from oesophageal varicose veins. 

In the Department of Surgery in Bristol we have now performed venous 
anastomoses between the portal and systemic circulation on fifty occasions; 
thirty of these were true Eck’s fistulae, dividing the portal vein and implanting 
its lower end into the inferior vena cava, thus diverting all portal blood from 
the liver. All these thirty patients had suffered from haemorrhage from the 
oesophagus and all had fibrosis in the liver. It was clear that in many cases 
the hepatic artery was supplying a much greater proportion of the blood to 
the liver than normal, for when a slice of liver is taken for histological purposes 
after the fistula has been created, the cut surface may bleed quite as freely as 
in the case of a normal liver. Two patients, who had grossly defective liver 
function, died from hepatic coma after the operation. In none of the others 
has there been any evidence that the creation of the Eck’s fistula has materially 
influenced liver function, though detailed post-operative investigations have 
not been made. Some patients who had defective function as demonstrated by 
biochemical tests have shown great improvement since the operation, but this 
might have occurred if no fistula had been created. In only three cases has 
there been furthemhaemorrhage; the first patient was operated on 3} years ago 
and has been a full-time university student since; most of the others are 
following their normal occupations. Thus 70 years after Eck’s description his 
operation has come to have a regular place in human surgery. 
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Blood alanine concentration, alanine absorption rate and gastric 
emptying. By Anne 8. Department of Physiology, The University 
of Bristol 

In an attempt to discover whether the rate of absorption of an amino-acid 

is adversely affected by a high blood concentration, doses of L-alanine (=0-35 g 

amino-N/kg body weight) were given subcutaneously to six rats. Fifteen 

minutes later t-alanine (490 or 445 mg) was given by stomach tube. The animals 
were killed after 2 hr and the gastro-intestinal tract tied off and removed in 
two parts (1) oesophagus and stomach and (2) small and large intestines. Each 
part was homogenized and the total amino-N content determined by Van 

Slyke’s method, allowance being made for residual amino-N as determined in 

untreated animals, 

Such previous subcutaneous administration of alanine reduced the rate of 
absorption from 98-2 + 4-25 mg/100 g rat/hr (mean of results from six controls) 
to 26-2 + 4-66 mg/100 g/hr. Since the percentage of the oral dose remaining 
in the stomachs of the control animals was only 17-8+ 1-73 compared with 
78-0 + 3-23 in the injected animals, it seems probable that the reduction in 
absorption was mainly due to a failure of gastric emptying. 

To determine the importance of osmotic effects, solutions of glucose and 
sucrose of comparable osmotic pressure were given subcutaneously instead of 
alanine. The alanine absorption rates were 76-4+4-70 and 78-7 + 4-80 mg/ 
100 g/hr with injected glucose and sucrose respectively, showing that the 
reductions were not so great as that produced by alanine. The percentage of 
the orally administered dose remaining in the stomach was 35-7 + 3-24 for 
glucose and 33-1 + 4-8 for sucrose. 

The levels of amino-N in plasma taken at the end of the experiments in 
mg/100 ml. were 18-3 + 1-57 for the control group, 26-1 + 2-72 for the alanine- 
injected group and 12-7+1-18 and 12-3+0-96 for the glucose- and sucrose- 
injected groups. The fasting plasma amino-N concentration was 6-5 + 0-41 mg/ 
100 ml. 

It is concluded that a large dose of alanine administered subcutaneously 
delays gastric emptying, and that the effect can only partly be explained by 
changes in osmotic pressure. 

The expenses of this investigation were aided by a grant from the Royal Society. 


The response of the leucocyte count in man to environmental heat 
and to exercise. By G. D. Forwe.. R.A.F. Institute of Aviation 
Medicine, Farnborough 

Sturgis & Bethell (1943) conclude, from a review of the literature, that in short 


severe exercise there is commonly a lymphocytosis, whereas in prolonged 
exercise there is an increase in the polymorph count. The leucocyte changes 


TR 


‘ 
» 
q 
> 


SOCIETY, 24 APRIL 1954 67 P 


during exposure to heat have now been compared with those in exercise 
producing the same degree of rise of rectal temperature. 

Healthy young men, unacclimatized to heat, were each the subject for a 
single experiment which followed rest for an hour at room temperature. The 
rectal temperatures and capillary blood samples were taken immediately before 
and after the 90 min treatment period of each experiment. Total white cell 
counts, differential counts on 300 cells and Arneth counts on 200 neutrophil 
polymorphs were carried out by the same observer. 

The 58 subjects were either exposed to heat (26), exercised (16), or acted as 
control subjects (16). The heated subjects sat in an environment of p.B. 42° C, 
w.B. 33° C; the control subjects in one of p.8. 30° C, w.s. 18° C. The exercised 
subjects performed five 10 min periods of exercise separated by 10 min rest 
periods. The exercise consisted of walking on a treadmill at 34 miles/hr up 
a 5° slope. Their environment was p.B. 22°C, w.s. 12° C. In ail three environ- 
ments the subjects faced a linear air movement of 250 ft./min. 

The results are shown in Table 1. 


TaBLE 1. Changes observed after exposure to exercise, environmental heat 
and control environment 


Mean change with standard error of mean change 


Heated Exercised Control 
Variable subjects (26) subjects (16) subjects (16) 
Rectal temp. (° C) + 0-63 + 0-04 + 0-65 +-0-07 0-26 + 0-04 
Lymphocytes (per cu. mm) + 694+ 134 — 85+ 155 +64+201 
Polymorphs (per cu. mm) — 142+ 335 + 202 + 406 +4144 598 


There was no change in Arneth count in heated, exercised or control 
subjects. The rise in lymphocytes in the heated subjects was thus the only 
significant change (t = 5-18, for 25 p.r. P < 0-001), the mean increase amounting 
to 26-8%. The difference between the heated and control subjects is signifi- 
cant (t=2-58, for 40p.r. P<0-02). There was no significant correlation 
between degree of increase in count and extent of rise of rectal temperature. 
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A compound very closely resembling N-isopropyl-noradrenaline 
in saline extracts of cat adrenal gland. By Mary F. Lockerr. 
Department of Physiology, Chelsea Polytechnic, Manresa Road, London, 
S.W.3 

Si ngle adrenal glands removed from cats (either under ether, chloroform-ether 


mixture, or chloralose anaesthesia, or after spinal cord section) have been 
ground immediately in 4 ml. of ice-cold saline. Coarse debris was removed by 
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spinning at 2000 rev/min for 3 min. , Proteigs were precipitated from 1 ml. 
aliquots of supernatant fluid by the addition of 0-15 ml. 4n-HCl and 7 ml. 
ethanol. After centrifuging, 6 ml. of supernatant fluid were evaporated to 
dryness in vacuo at 45-50° C, and the residue was transferred in alcohol- 
acetone solution to Whatman no. | filter paper for chromatography. Phenol 
containing 15°% w/v 0-1Nn-HCl was used as solvent. The methods employed 
for chromatography and elution were those described by Vogt (1952). 

Adrenaline and noradrenaline were identified by means of their Ry values 
and were estimated biologically. During spraying with K,Fe(CN), an addi- 
tional amine was detected, which had an Ry value of approximately 0-7. In 
pharmacological activity, colour reactions, and Ry value, this compound 
resembled N-isopropyl-noradrenaline. It differed from lactyl-adrenaline pre- 
viously isolated by Kendall (1932), and studied together with lactyl-nor- 
adrenaline by Crawford (1951). Like N-isopropyl-noradrenaline this new 
compound caused a fall in blood pressure, tachycardia, contraction of the 
nictitating membrane and relaxation of the bronchi. Parallel quantitative 
assays have not distinguished between this naturally occurring amine and 
N -isopropy!-noradrenaline. 

There has been no previous report of the natural occurrence of this amine, 
which has now been found in each of the adrenal glands of the six cats so far 
examined. The total quantity present, estimated biologically as N-isopropy!- 
noradrenaline, has varied from 1-1 to 3-6% of the summed weights of adrena- 
line and noradrenaline in the gland. 


A part of the expense of this work was defrayed by a grant from the Medical Research Council. 
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Response of the uterus of the pregnant sheep to adrenaline and 
pitocin. By A. CarLyte. Department of Physiology, University of Bristol 


The response of the uterus of the pregnant sheep has been studied at various 
stages in pregnancy, from 44 to 145 days (full term 147 days), by insertion of a 
pressure balloon into the uterus, after laparotomy under spinal anaesthesia in 
a warm saline bath, and by using uteriné strips in Ringer-Locke in an isolated 
organ bath. Qualitative agreement was obtained between the two series of 
observations. 

No spontaneous activity was observed under either set of conditions at any 
stage in pregnancy earlier than 135 days, though it was often initiated by in- 
jection with pitocin. Sensitivity to pitocin and adrenaline was very low during 
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the first two-thirds of pregnancy, compared with the non-pregnant animal 
(minimal effective dose ratio 20:1), then increasing towards term, reaching, 
and in the case of adrenaline exceeding, the non-pregnant level. The response 
to pitocin was a single contraction, or short series of contractions, with a sus- 
tained rise in tone. The response to adrenaline during the first two-thirds of 
pregnancy was, when obtained, similar to that in the non-pregnant animal; 
a single contraction or short series of contractions, with no sustained rise in 
tone. During the last third of pregnancy the response was a relaxation, as 
previously reported by Gunn (1944) for the uterus at full term. At this stage, 
adrenaline prevented or abolished the rise in tone associated with a previous 
injection of pitocin. This effect could be obtained at a dose level which was 
ineffective when given alone. 

Allowing for dilution in circulating blood, the effective concentrations of 
adrenaline and pitocin appeared to be lower for the intact organ than for the 
isolated strips. Placing the latter in a modified saline, approximating closely 
in composition to sheep plasma, did not substantially modify the effective dose 
levels. 

The expenses of this investigation were defrayed by a'grant from the Agricultural Research 
Council. 

REFERENCE 
Gunn, J. A. (1944). J. Physiol. 108, 290-296. 


The influence of retinal position and area on the absolute threshold. 
By F. H. C. Marriorr and M. H. Prrenne 


Some factors influencing the amount of vasopressor and oxytocic 
activities of the posterior pituitary gland of normal and 
adrenalectomized rats. By 8. E. Dicker and Joan Nunn 


7 
“g 
iz 
s 
=. 
‘ 


